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SYNTHESIS AND PHYSICAL STUDIES 


OF TRIDENTATE MODELS FOR CARBONIC ANHYDRASE 
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A THESIS 
Sv ose mm ine rAGUIEhY* Ory GRADURTESSTUDIES AND RESEARCH 
De dA er Ui DEMENT@Ob THE REQUIREMENTS FOR THE DEGREE 
URE DOGTOR OF PHILOSOPRY 


IN CHEMISTRY 


EDMONTON, ALBERTA 
PARI Loco 


Dedico aquesta tesis als meus 
pares com a mostra d'agraiment per haber-me 


donat l'oportunitat d’‘estudiar 


iv 


ABSTRACT 


Carbonic Anhydrase (C.A.) is a zinc-containing 
enzyme, widely distributed in nature, whose physiological 


HOM SmeLOmdcce leratemtnemreversible hydration of carbon 


siaGe: (td, TiO ee ie a 


other reactions such as hydration of aldehydes and 


Coheed iSO Catalyzes 


iy GEO Sus mOTmeSiLers es senccCoOraing to X-ray diffraction 
Seuciesemitowactivessite contains a zinc ion coordinated, 
at the base of a deep cleft in the protein, to three 
histidine imidazole residues and a water molecule or 
hydroxide ion. Several mechanisms of action have been 
proposed for C.A., and some models studied to verify the 
likelihood of some of these mechanisms. None of these 
models, however closely resembles the active site of the 
enzyme. 

In this work several tridentate ligands [9-17, 
29(a-c)] containing imidazole moieties have been synthe- 
sized and their physicochemical properties studied and 
compared to those of the enzyme. First of all, the 
models sia be shown to bind metals: therefore their 
metal binding ability has been studied using a potentio- 
metric method. The metal binding constants found are 
consistently 3-4 pK units lower than those of apo- 
carbonic anhydrase. Second, the mode of the metal bind- 
ings has tombe tridentate. In order to check this, nmr 


experiments of ligand solutions with varying Zn(II) 


concentrations have been performed. The small ligands 
Ueiizeexts (east celsoridenemetalecomplexessathe datter,;being 
taAVOTEdrPataniignatiera li concentrationses*Deleterious, 2¢1 
(LiM™*:L) binding can be overcome by placing large alkyl 
groups at the 4,5-imidazole positions. However such sub- 
stitution in the tris-imidazole carbinol series appears to 
lead to facile dehydration to produce highly colored 
fulvene-like materials. Such dehydration can be overcome 
by removing the carbinol OH group or methylating the 
imidazole nitrogen. However, the former substitution of 
OH by H produces an extremely easily air-oxidized methane, 
and the latter N-methylation leads to rather poor metal 
binding ability. Ligands 17 and 29(a-c) avoid these 
problems by inserting a methylene unit between the car- 
binol group and the imidazole ring (17) or by substituting 
the carbinol group by a phosphorous (phosphines 29). 
Phosphine 29c shows from the nmr study the formation of 
Paesynmetric, tridentate, 1:1 complex with ant es 

Thirdly, since the coordination.number around the 
metal should be four to approximate the pseudotetrahedral 
ervaengeMmentainetne active site-of C.As;, the UV-visible 
spectra of the ligands using Co(II) as a probe have been 
recorded. Only carbinol 17 and phosphine 29c show the 
ability to form four and/or five coordinate complexes; the 
others appear to form octahedral complexes predominantly. 


Fourthly, since the activity of the enzyme has been 
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associated with the basic form with pK, oe eee ae ZIG 
complexes of these ligands have been titrated with base 
to determine whether they have a titratable group with 
Such a pK. 

Finally, the more promising ligands have been 
eneckea 10recatalyai1c adetivity using reactions which are 
known to be catalyzed by the enzyme, such as PNPA 
hydrolysis and CHCHO and CO, hydration. Ligands 1/7 and 
290 Show some catalytic activity towards CO, Vd tat VON. 
MuUCvOUCNMeENCOUCaAG ING tits Catalytic activity 1s small 
compared to the enzyme, suggesting that the creation of 
a simple metal binding cavity might not be enough to 
accounts Oe Witeenzymatic.activity, and that’ some other 
Paerorssssuch ae hydrogen bonding in the vicinity of the 
metal might have to be considered in the design of new 


ligand models. 
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Te; sd NERODUCTION 
Ae CARBONIC ANHYDRASE 


Carbonic Anhydrase! Wasetanst isolated from blood 
in 1932 by Meldrum and Roughton“and found to catalyze 
Diecere vers i Dies hydrataon Ofecanbons dioxidecse Alithough 
the enzyme is present in most organisms, and is found 
in many different tissues of plants and animals, most 
of the present knowledge about its molecular properties 
and mechanism is based on studies of the forms isolable 
from human and bovine erythrocytes ©, the enzyme being 
the major protein component of the red blood cell 


he fie is anvolved “in a-variety 


other than hemoglobin 
MONS iO LOgicale ine tirons where ats specific catalytic 
BOeulsmLONTaCiuilaremune interconversion of ‘carbon 
dioxide and bicarbonate>. 

The human erythrocyte enzyme is comprised of three 
distinct isozymes designated Lee and C in relative 
aDUNGance 54.o0, and 12%, respectively. 

All three ‘variants consist of about 260 amino- 
uc smi Nedssstingye POlyoent ides Chaim. Contain One; zane 
ion per molecule, and have molecular weights near 30000. 
Forms “Aeand Beane Indistinguisiab len 1 neteriiseon etnedr 
specttic activities» towards the hydration of CO, and 


; ; Se le : 9 
aminoacid compositions ~. However, there is only a 59% 


homology between the amino acid sequences of human 


carbonic anhydrases B and C, and the human C isozyme 
has a maximal turnover number with respect to the 
hydration of CO. which is five times as large as that 


of the human gle. 


Bovine erythrocyte carbonic anhydrase 
consists of two isozymes A and B in relative abundance 
20 and 80% respectively, that appear to have identical 
aminoacid compositions and are equally highly active 


ne It has been suggested? 


towards common substrates 
that the low activity form arises from a gene duplica- 
tion that took place early in mammalian evolution, 


perhaps 100-150 million years ago. 


ile X-RAY STRUCTURE 


The complete structures of the human isozymes B 
and C have been deduced from high-resolution X-ray 
studies on enzyme crystals obtained from 50 mM. Tris- 


Sian COD Ube reso bt OS. Dt By Sear 


The tertiary 
structures of the two isozymes are very Similar. The 
enzymes are ellipsoids of dimensions 41 x 42 x 55 A, 

and the zinc ion is near the center of the molecule 

Due ties DELON. Oral le A deep conical cavity, where it 

is bound to the protein through the nitrogen atoms of 
three histidine imidazole ligands (His 94, 96, and 

119). 0f sthesecthreemiicands..nistidines 94) differs from 


the wOLhe YY sUWOm eth e Lai SUA tuUYineY 4 rom the zinc 
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TABLE I 
Zinc ligands in HCAC® 


Ligand Zinc-ligand distance (A) 
Hise) 943 SN) 2.4 
His 396 (32Ny) foo ht 
ase 1/19] NY £.0 
H50/HO- ete, 


Fither a water molecule or a hydroxide ion occupies 
a fourth position a eand theszinc.Atnus completing a 
Somewhat distorted tetrahedral coordination in which 
the greatest deviation from the regular tetrahedral 
angles is about 20°. The water molecule directly ligated 
to the metal ion is hydrogen bonded to threonine 199, 
which in turn is hydrogen bonded to the buried glutamic 
SCrdGeV0G mine rae that nr 199 forms hydrogen=bonds 
Witionosteimniobtors suggests that 1t plays an active 
COlemanecatanysis.. “Apart from the histidine, ligands, 
other residues in the active site that are common to both 
isozymes B and C?> are Thr 199, Pro 201, Pro 202, His 64, 
Gin 92 and those involved in a hydrogen-bonded sequence: 
Has 119 —.6)] us ea eel Ove yr 1040 -Ser. 29s Irp 209 
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The zinc ion in carbonic anhydrase can be removed 
at low pH. While the apoenzyme undergoes no gross 
Structural changes yellative to the holoenzyme, it is 
catalytically inactive. The apoenzyme can be recon- 
Stituted with other divalent metal ions and these occupy 
Liicmez i emssinc 6S UninCalcnres LOratlOn Ofycatalytic 
orivyi cys ss prouciteabout only by Zn(1l1) and 


Couliyiccc tos 


2h CoC yecCARBONIC ANHYDRASE (Co(II) C.A. ) 


Tre co (ij Cahwehaseatreddish biue’ colors with a 
maximal molar absorptivity of 300-400 Mo! pheliag ge 
Its absorption spectrum displays a band structure 
however, which does not correspond to that of any 
model Co(II) complexes. At pH 9 there are four widely 
Suiscceilas gilded Leo cue ooo. 615 "and 645 nm indicative 
of a distorted coordination geometry around the metal, 
COuresvOndingaus) a) 1OUneand/or tive ‘coordinate ligand 


Ta,1b,le,9,7b,10° There appears to be a change in 


field 
geometry surrounding the Co(II) ion as the pH is lowered 
PrOmMesg st 0 Or CG UW LOG d Vass ol itees Dec betel Ite Cogs 
enzyme is present only under alkaline conditions. 

The change in absorptivity at 640 nm has been 


ba.op.oc 


observed COmLOLL OW a tbr ata on Curve: With) a 


Single pK, around 7 when measurements are performed in 
buffered solutions or in the presence of salts to keep 
the stonicrst vength constant 4a<The :catahkytic tactiv.ity 

of both the native and cobalt substituted enzymes also 


GGz0en1 2D 


depends on pH The pH dependences of both 


the spectra and the catalytic activity have always been 
attributed to the same ionizing aroup vats 4c. 

However, it has been shown Be eure that in the 
absence of buffers and monovalent anions the pH de- 
pendence of the electronic spectra of Co(II) substituted 
GA» aS not.as +simple,as fexpected for,a-single.disso- 


therefore, that 


ciating group. It has been suggested 
there is no reason to ascribe all the pH dependent 
properties of the enzyme to only one dissociating group: 
one group could be responsible for some properties 


and some other for other properties, in such a way that 


a more complex explanation should be sought. 


4. CATALYTIC PROPERTIES OF CARBONIC ANHYDRASE 


The only known physiological function for C.A. 


is the catalysis of the interconversion of carbon dioxide 


Te 


and bicarbonate In vitro, the enzyme catalyzes a 


range of reactions in which nucleophilic attack of 


oxygen at an electrophilic center occurs 9. These in- 


Deny desu 


pyruvic acide and alkyl pyruvate see nee the 


clude the hydration of carbon dioxide 
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Nnydrolysis of some carboxylic, carbonic, sulfonic and 


16 


phosphoric esters ~-, and the hydrolysis of carbo- 


LO C2.k/ 


benzoxy and sulfonyl chlorides of 1-fluoro-2,4- 


dinitrobenzene 8 and of phenyl N-methylacetimidate!?. 
The enzyme-catalyzed reactions can be formally 

analyzed in terms of the elementary classical Michaelis- 

Menten scheme, according to which the velocity of 

[E1,/ 


is the turnover number, Uzale is 


enzymatic catalysis, v is given by k 


enz Cat 


(1+K,/0S]), where aa 


the initial concentration of enzyme, Ku is the 
Micnaeiis constanie and [Si as the concentration of 
substrate. 

Some selected values of the Michaelis parameters 
for CO, and acetaldehyde hydration, and PNPA hydrolysis 
are given in TABLE II. 

BOVCA and HCAC are kinetically similar in some 
respects and have sigmoidal pH vs. as profiles for 
C0. hydration over the pH range between 6 and 9, consis- 
tent with the titration of a group with pK. around 
neuiralpiyer iheesituationeis @ilittvetmore complex for 


ROABSYwhere thewstatet ofionization@afiadditional 


groupsivappears? to tAflueance*thetrate: 
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ibe, ge) 
Michaelis parameters for the C.A.-catalyzed hydration 


of CO, and CH,CHO and hydrolysis of pnpale>!9. 


1 


Substrate Isozyme pH eee CY Ky (mM) 

co, HCAC 7.05 aa Were 14 
HCAB 7.05 Tu eo gle 2.6 
BOVCA Be75 be deck taa es ieee 

CHCHO BOVCA 7.20 800 650 

PNPA HCAC B70] 20 an7 
HCAB 8.2 2.5 4.5 
BOVCA 70 ae hee 
BOVCA 9.0 hee 8.6 


Bs PROPOSED MECHANISMS FOR CARBONIC ANHYDRASE 


A variety of detailed chemical mechanisms for the 
CeA--cata lyzed nydracion of CO. has been suggested 
which appear to be compatible with most, if not all of 
the available physicochemical information. 

MevaColva cy.0t- C. A. arOuna neuttdlepide ls governed 
bY the ionization of dt least one’ group witn pK, near 
7. The enzyme-catalyzed CO,-HCO3 interconversion at 
around neutral pH can be schematized aS in equation 1. 


H»0 
2 : 
eC eeae a eeaeeCO. (1) 
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This protonated enzyme CGH) must undergo ionization 
to regenerate the active form of the enzyme (E) before 


the turnover cycle is complete (equation 2). 


k 

if 

EHbup so (Ebt Hi (2) 
Ky 


Tits tras tOrmaction Must OCCUr a. a rate which 7s 


Greatey tian, OF Gaudl- to, the rate of turnover. 


East Oem ABLE TI). ‘Then k_ must be 


es dees 10° Pec le Since tne interconversion of the acidic 


(Keat 


and basic forms of the enzyme involves an ionization 


Ofeanpparent pK, eeeseac en 
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k. = kK ¢/Kp MU? Sec (3.) 


Tas wale for Se exceeds the diffusion-limited com- 
bination rates observed for small molecule acid-base 


Cel by a 


neutralization reactions in aqueous solutions 
factOreOnwl Uwe “Ineorder to explain thi sviparadox., 
DrOLeIN and, or bUffer-mediated proton transfer needs 


to be wivokeds >. 


Four distinct alternatives have been suggested<> 
for the ionizable group. The proposed mechanisms are 
divided into categories according to this group: 


(1) a metal-coordinated water molecule ionizing to OH 


(mecnanisiismwily Wen uWoeeWeierandews). (2) a titratable 
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imidazole group associated with the metal ion via one 
or more water molecules (mechanisms IH], IH2); (3) a 
neutral imidazole group ionizing to a metal-coordinated 
imidazolate anion (mechanism I1); (4) the partially 
buniedpcarboxyl group wrom Glu 106%. connected) to a 
metal-coordinated water molecule via a hydrogen bond 
system: Glu 106 - Thr 199 - H,0-Zn°° (mechanism Gl). 

[For a complete discussion on the validity of each 
One of these mechanisms see refs. 1d, le, 1f, and Ih. 
The charge in the metal ion has been omitted for 


simplicity. ] 


SCHEME I 
Mechanism Wl. Nucleophilic attack by quays talae 
H QO H 
Z 6 C eee Z 6—C : 
—/Nn ° on mee 
A om" “pe 


H 

, ke ; 
rn Pe” =— —Zn---0H2 + HCO, 
/ ) me 


1] 


SCHEME II 


Mechanism W2. General base attack by H50 assisted by 


Zn-OH2? 
fete 
Pr La - 
Zn Of ——— sin-+-OH + HCO, 
J 0 
0 
H7 SH Wi 
ony 
Se eeOvee Ha 
6 
SCHEME III 


Mechanism W3. Nucleophilic attack by Zn-OH with con- 


comitant proton transfer<° 
ee ae H 
i oa \ Go al 
C a —Zn---0 O—C 
T . / | ep 
H / 


5% 
a 


‘\ ire = 
—/n::: + H os HCO, 
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In mechanisms W1, W2, and W3 CO. never binds to 
Zn and the histidine ligands play the passive role of 


anchorindatpe metalesihe cructalsrolewgt Zh ian these 


. of Te verdes CW eetashoem 
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mechanisms is to acidify its ligated water molecule. 
This water molecule is converted into a zinc-bound 
hydroxide ion, which is nucleophilic enough to attack 
a CO, molecule either directly (WI, W3) or through a 
general base mechanism (W2). Mechanism W3 was 
Originally proposed in an attempt to avoid any potential 
difficulties associated with proton transfer between 
the enzyme and solvent during the catalytic cycle. It 
can be demonstrated! ¢ that this mechanism is incom- 
patible with the high turnover number, unless the pK. 
Giacdrvonic acid 19 the active sitevis increased by 2 


unt ts. 


SCHEME TV 


Mechanism W4. General base attack by Zn-OH assisted by 


His 64¢/ 
0 I eg 20 
BaF ecehty ott —_ ores ee 
‘ol Ne 
H 
AoC H-07 
H@nae 
x. “nN. 
GhonneH HON’ N-H 
cop] I 
by ae ee —> Satie ee enh ne 
ae j : Fah ‘Ny 3 
H 
oN ye 


er N° N-H 


The Zn-OH species is ~10° times less basic than free OH . 
Iteist@reasonabléertovexpect*thateit is somewhat less 
nucleophilic too. Mechanism W4 was proposed to over- 
COMCHMUNMSHULGINhCUNCyYEeeetheninchpient zincaoxide wouldibe 


a better nucleophile than the zinc-hydroxo complex. 


SCHEME V 


Mechanism W5. Nucleophilic attack by Zn-OH assisted by 


hydrogen bonding with Thr 199 and Glu 1062", 


Glu ; Thr 199 sa Glu <0 Thr 199 
106 0-07 == 106 0: HHO 
H H 
\ ! | 
hoy ee 00 0 
—Zn C=0 
0-620 nia 
6 
H50 
Glu = Tete Ss Glu <0 Thr 199 
106 ea — 106 poate 
H H 
XN j ‘ { 
wal --00 Pett: 


This is really a more elaborate Wl mechanism. The dis- 
Cinguishingeteatupesm0 fms mou ed ee UNO OL Crem rts i, 
activation of the nucleophile through hydrogen bonding 


with Thr 199 and Glu 106. The x-ray structures of the 


1S 


native enzyme and the enzyme-inhibitor complexes? 


indicatee that ThraiG9splays a«role in stabilizing 
coordination of ligands to the fourth ligand site through 
hydrogen bonding between the Thr 199 hydroxyl group and 
the ligand. It is suggested here that Thr 199 plays a 
Similar’ role during the catalytic transformation<- 
Second, interaction in a five coordinate species 
between the Zn and an oxygen atom of CO. , polarizes 
the O=C=0 group Gav dais and activates it to nucleo- 
philic attack. This five-coordination has precedent 


in the HCAB- imidazole complex’. 


Imidazole, the only 
known competitive inhibitor for the hydration of 

C0, Dy Ass. appears tO Orctty a distant fifth coor- 
dinatviowisicerson the Zn 10n,.1ts nearest nitrogen atom 
Denng ce A Brome tneezns Lt Sits tn a hyaroone pt 
pocket which is believed to be occupied by CO, in the 


Gacadytic reaction®/>. 


SCHEME VI 


Mechanism Gl. General base attack by Zn-OH, assisted 


DyeGlu)UG cthroaughe thr bOOe!, 


0 0 
Glu sat Glu V4 
106 GAG yee rt 199 = 106 —<, gh 199 
5, 
N i ‘ : 
a fi Cr tenet 
ae Se ( 
tty ees oR EN 
mm H50 
Glu —<o Thr 199 oe alu Thr 199 
106 agi & 106 yA Ds 
=O = 0 
XN : NS F 
ee (ee ~Zn---OH, 
7 4 


Although very similar to W5 with the difference that 
here Glu 106 acts as the titrable catalytic group 

this mechanism suffers from the problem that an excep- 
tionally high pK, must be assigned to Glu 106 despite 
its close contact with the positively charged metal 


jon. 


W, 


SGHEME VII 
Mechanism I]. General base attack by H0 assisted 
by His 119 imidazolate anion moiety<®. 
0 0 
C7 f 
OH Z OH ) 
His 96 he Vo! we —Ieme gat <0o} 
Riles \\ ame x ! a. 
al? N N N-H 
Has 119 Has 11,9 
2 
aw n 
mas YR, (een : 
- en aN N-H 
= \—/ 
His) 1g Hes hy 


This mechanism was originally based on the downfield 
Si uteOtmuneuc-cmuroton Of HIS @940aS DH was increased; 
following a titration curve with an associated pK. ee 
GatakySismisethen ertected by a strong general base 


juxtaposed to a powerful Lewis acid. 


SCHEME VIII 


Mechanism IH]. General base attack by H50 assisted by 


His 64 imidazole moiety !¢, 
4 on 
=n * -0=C=0 eee | | Ze * 0-22 0H 
Ce 8 
PSO TG ON 
H-N° ~N:A H-N°  N-H 


H0 
—Zn OH et i i By - 
2 ——=  [-2n---0H, + HCO, 
g 
H-N° ON H-NN-H 


SCHEME IX 


Mechanism IH2. General base attack by Zn-OH, assisted by 


His 64 imidazole moiety*:. 
O07 i te 
Z na C ——— Z 6 
—n <6, ay — VEIN eA 0 
oog 0 
as 
HH H-0—H 
CR ON 
-N 0 ON-H H-N N-H 
=Zn--- OH, ——— —Zn---0H, + HCO,” 
0 
H7 Sy H+O—-H 
wire w™. 
N* ~N-H TaN Neh 


Mechanisms IH] and IH2 do not require any "exceptional" 


pK. for the titrable group since the imidazolium moiety 


OTe dall) Sbbd une. Das. a pK. of around 7. The main argu- 
ment against these mechanisms is that alkylation of 


‘His 64 with bromopyruvate > 


only brings about a 70% 
decrease inesthesvactivity of HCAs. slbiseindicates. that 


the modified imidazole ring must be able to rotate 


freely for the non-alkylated nitrogen to be positioned 
appropriated ys Orethatathe scarboxylate group jof+the 
modifying moiety assumes the role of general base if 
the active site histidine residue alone governs the 


catalytic behavior around neutral pH. 


ae PREVIOUS MODELS FOR CARBONIC ANHYDRASE 


According to Woolley?! om modele1s understood as 


a simple system with a property or properties relating 
Pee tCOmeneebiological system under consideration. 
Ideally a range of model compounds, structurally 
controlled to reproduce in varying degrees the property 
in question, provides a quantitative scale in which 
nem LOLOC Ca lesSystenemiant fall: if It continues to 
devialem7 rom this scale then 1t nas still not been 
fully understood. A model system may alternatively be 
designed to reproduce one of the biological properties 
Ciptinersystemsearor instance tostest! thei hypothnesise that 
Best tnciencecond: tionefore the sactionhofhan,enzyme isja 
particular conjunction of reacting atoms or groups; if 
suecees funda tii sedoesanoticonfanmuthateiheybiclogical 
system acts in the same way as the model, but it does 
showanbats themactionsofechewsample system is fin principle 
aval lablesforinaturestotmakeatsewot inttihe compdex@one.’ 
Several models have been studied in order to test 


for somexsof theeproposed mechanisms of action of C.A., 
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especialiynthateor theezimceboundwhydroxide: 


32 


[mv l965REP Breslow studied the CO. hydration in 


the presence of some small peptide-Cu(II) complexes. 


33 


Cu-glycylglycine (CuGG) had been previously shown 


to dissociate a proton from a bound H50 with a pK. of 


Ogata vecs:, fandethetspeciles, GuGGOHS catalyzed the 


= 


hyduelysis af PAPAS okyed (Mebcseds! }eforscuGeein the 


cat 
CO, Vougacon ae Deo eWas LOundstombe 1993. 1 lEquation #4 


Shows one of the mechanisms that was proposed for this 


Gatakysits 
ote Ho “PP 
Cu 0 (enon Cu-0-C_ === GUGGOHS (4) 
Noor 44 Sista i 
oy Cape HCO,” 
H H a 
/\ 
Hate 


That the ionization of a bound H50 was important catalyti- 
cally was supported by the marked increase in Sacre from 
UE G Mateo to. 9. slat pio. tAddiahjona!l evidence came 
TEOMetne Gi fect df added imidazole, which formed a 1:1 


mixed complex with CuGG. The value of k foreth is 


eat 
conpiex was phess than 0.3 at pH 9. «Thus: imidazole ted 
either to awdvrect’ displacement: of bounds0H” oretoran 
increase in the pK. of bound H50. 

The conclusion of the work was, "that a ligand on 


a metal ion particularly an OH , might participate in 


the enzymatic reaction." 


SOye hae 


a 


rat)" a 
Phe ASL 


The analogous Zn complexes were not studied be- 
cause of weaker binding; C0. displaced the Zn from gly- 
cylglycine, for example because of carbamate formation. 

The main arguments against the zinc-bound hydroxide 
meenanismeahavesbeenPtworold.en First, that a zinc= 
bound water cannot have such a low pK. as ee 
second, that a zinc-bound hydroxide ion would be so 
polarized by the metal as to lose most of its negative 
charge to the zinc and thus be too weak a nucleophile 
to attack, for example cote. 

By uSing the zinc ion-pyridine-2-carboxaldoxime 
anion [Zn(II)-PCA] complex as a model, Breslow and 


Chipman! 43° 


provided some evidence suggesting that 

both arguments might be wrong. [Zn(II)-PCA] was shown 
tombe an er recta verandespectftic nucleophilic catalyst 
in the hydrolysis of both PNPA and 8-acetoxyquinoline- 


5-sulfonate (equation 5). 


3 
N’ . + Ar-0-C-CH; ——> on 


spiny oe ++5.-- 
CHZCSO (5) 
Nelo. = ON ae ArO™ 
= 0S QO— OH 
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Coordination to zinc ion perturbed the pK. OfePCA from 
PmOatOmOgt.ee Ltbhougchwaanucleonhilicityacomparnabie. to 
hydroxide was retained>. 

The transesterification of N-(8-hydroxyethyl)- 
ethylenediamine by p-nitrophenyl picolinate was shown 
UGMUemoUD ye CUmLOmZancuionecatalysis by Sidqman and 


Jorgensen! 4>36 


Wisc ner investigations andireated 
tiatereactron very probably occurred through “the *forma- 
tilomeot ar ternary complex (1) inewhich zinc ion functioned 
both to lower the pK. of the hydroxyethyl moiety, and 

to serve as a template for the reaction. 

ree iss 


\ 
\ Peesater 


u 


ON 

The pK, of ore aae sai B-hydroxyethyl moiety, 
as estimated from the pH-dependence of the observed 
Kate Of transesterification.(assumingythat;the reaction 
was subject to a specific base-catalyzed reaction) was 
approximately 8.4, corresponding to an estimated pK, 
Derturbataoneot SeAgunitserelativestostne pk. of the 
free hydroxyethyl group. 

The last two examples demonstrated the participation 


of.zZinc-coordinatedsnucleophiles.,in a chemical, trans- 
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formation. It is harder to demonstrate a similar role 
for a water molecule coordinated in a labile complex 
in aqueous medium, due to the kinetic equivalence of the 


37a 


two mechanisms A (equation 6) and B (equation 7). 


p-Nitrophenyl picolinate is used as an example. 


The same difficulty was encountered by Pocker and 


37b when they studied the metal ion catalyzed hydra- 


Meany 
tion of 2- and 4-pyridine carboxaldehydes (2-PA and 
4-PA). The catalysis afforded by metal ions was shown 
to be several orders of magnitude bigger for 2-PA 

than for 4-PA. They attributed this difference in 
catalytic behavior to the special arrangement of the 


ring nitrogen and aldehydic group in 2-PA which is 


absent in 4-PA. However, they were not able to 
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"differentiate between a hydration arising from reaction 
schemes involving an attack by external water on the 
metal-2-PA complex (A) and one in which the attacking 
water itself comes from the metal hydrate (B) because of 


the labile nature of these complexes" (equation 8). 


N \ HO 
oe al 
OH 8 
H,O SN HH ee 
He 
ou 
Ov, a 
Tg Es 
2+ 
4N~-OH, 
H, 


Since C.A. is equally active in the hydration of both 
aldehydes>->, they concluded that no pyridine nitrogen- 
to-metal coordination is involved in the enzymatic 
hydration of 2-PA or 4-PA. 

With the use of inert M(III) transition metal 
complexes, it is possible to demonstrate the participa- 
tion of metal-bound hydroxide in a chemical transformation. 
Buckingham et na Uae concluded from their eae 
labeling experiments that the Co(III)-catalyzed hydroiy- 
sis of glycine esters proceeded by dual pathways at 


approximately equal rates by mechanisms corresponding 
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to A and B (equation 9). 


Water coordinated to Co(III) was shown to be an 
effective nucleophile (pK, ~a6) Jinetkeahydrolysis eet 


glycine esters. 


1398 SISA) 


Chaffee et oa and Palmer and Harris found 
Thaleoo Cull )of Shull )-teand brbllI hecoordimated 
hydroxide was an effective enough nucleophile to react 
with CO.. They measured the rate of CO. uptake by 
hydroxopentaamminemetal(III) ion to form carbonato- 


pentaamminemetal(III) ion, according to equation 10. 


k 
[M(NH3),0H] + CO, == (M(NH,)-CO3H]” === [M(NH3),CO,}” +H (10) 


lehed © 0h 


= 7 ie ee bile. 


(Ti Lie tapes ae , 191 


The second order rate constants (k, mo! sec”! ) were 


deternimeceeromues2e0sn420ntand S90%foreGoseRh, andwiIr 
respectively. The respective pk.'s weresan6e6 .t698, 


andioe vee Ast pointedn out byathe authors? -? 


1tois. Signift- 
cant to compare the reactivities to carbon dioxide of 
water, hydroxopentaamminometal(III) ion and hydroxyl 

jon, and their relative basicities. The latter are in 


ar raha oof approximately iene; - 101°" 


The rate constants 
mom alll Pineyc hi slerdersr buihobviousd ydnotoun) any’ simple 
proportion, since while OH converts CO, to carbonate 


7 


10° times more rapidly than does water, it is only 


20-40 times more effective than the M(III) complexes. 


In 1974 Appleton and Sarkar © 


titrated some 
imidazole-Zn(II) complexes and concluded that the 
pyrrole hydrogen of a neutral imidazole moiety may be 
induced to ionize at pH's near 7 by coordination of 
inenpyrimine nitrogen: tolagzine tontel Analysis ofthe 
Zn(11)-N-methylimidazole system yielded a value of 9.1 
fori vuhe pK. of a metal-bound water molecule in the 
presence of a triimidazole ligand: field. However these 
results were complicated by the formation of precipi- 
Pa Cs!. 

Martins! 4 criticized heavily these results saying 
that they were observed under non-equilibrium conditions 


and he found no precedent in the literature for such 


a pronounced acidification in imidazole compounds by 
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In agreement with Martin » SOvago et al using 
nmr techniques attributed the deprotonation of the 
histamine-Zn(1I) complex starting at pH ~ 8 to a zinc- 
bound H50 anaenole Loma imidazoles pyrrolic NH. 

To evaluate the "zinc-imidazolate" mechanism in 


42a 


a model system, Sargeson et al compared the effect 


of [Co(NH3),0H]” and [Co(NH3),Im]” (Im = imidazolate 
jon) on PNPA. In water, the hydroxide complex is 6 x Te 
times less reactive than the imidazolate complex, the 
coordinated imidazolate being of similar nucleophilic 
reactivity to free OH towards PNPA. It was concluded!” 
that these results support a mechanism for the esterase 
activity of C.A. whereby a zinc-imidazolate attacks 

the carbonyl of ester substrates, giving an intermediate 
acylhistidine, which is then cleaved by water. Co- 
ordination of N-acetylimidazole to Co(III) was found to 
enhance the rate of hydrolysis by ca. 20-fold relative 

to free N-acetylimidazole. However, direct attack of 
Zn-Im on CO, in C.A. was recognized as unlikely because 
the resulting carbamate would decompose by heterolytic 
N-C fission rather than H50 addition followed by elimina- 
oO ae Ot HCO” or H5CO03. Sargeson based this argument on 


Be? Desc 


previous carbamate decomposition studies Co(III)- 


bound carbamates decompose in acidic media without oxygen 


42b 


exchange from water to C0, (equations J4)" 
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fe 
Hie, NaNO, 


TY * 
=> 
[Co(NH.)-OCONH. ] ~ [Co(NH,),0°H, 


++ 
J 
H50 


+ 
- CO. + Ny elas) 


HOWEVeno wits nolL sDOSsID1e at neutral pH*s to discard 


the possibility by which water adds to the carbamate 
A2c 


Prior to the N-C bond cleavage (equation 12) 
ieee satel Lak 
ENE —— RoNH + CO, 
H 
(12) 
H.0 
+ H,0 Oy 
: if a ple . 
-H RoN-C-0" === RNH + HCO 
H OH 


Sargeson suggested that C.A. might operate via 
two mechanisms: \Zn-OH for C05; DutyZnsim for,esters. 

A model supporting the Zn-OH mechanism was pro- 
vided by Woolley”! who prepared Zn(II) and Co(II) 


complexes of the ligands 2(a-c). 


<i 
R; yy : R, awa Ry oNegraR eH (CR) 
| 
N N 2b Ry=Ro=H 
| 
Ro 


The complexes are five coordinate, with 4 nitrogen 
donors from 2 and) water asethe fifths ligand.) litra- 
tion of the zinc:2(a-c) complexes yielded pk, values of 


B69. Booldhand O.ls, Vespectively,, at 49°, whilesthat 
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for RCuGR leu was found to be about 8. Six coordinated 
Ni(II) and Cu(II) complexes showed PKS Sure). 
[ZnCR-OH]~ was found to be an efficient catalyst for 
acetaldehyde hydration, comparable to the enzyme, but 

a very modest one for C0. hydyation. tthe conclusion 
from these experiments was that the metal bound hydroxide 
would have sufficient nucleophilic power to account 

for the enzyme's activity in acetaldehyde hydration, 
although not in C0. hydration, if the Zn environment 

was the same in the enzyme as in CR complexes. However, 
a poorly solvated nucleophile would, in a non-polar 


; : 2 : , 2+ 
environment be more Ase Fee) : Somes inactive: Cu — 


2+ 


and (VO)" -substituted carbonic anhydrases show an 


ionization’? with pK. aye lf thesactive site: dad mot 


2+ enzyme (not very likely), 


differ from the one in the Zn 
it must be shown that the ionization does not corres- 
pond to metal-bound H50 before the Zn-OH mechanism can 
be accepted. 

While this thesis work was in progress, Breslow 


et ae 


reported the synthesis and preliminary physical 
studies of some molecules containing three chelating 
imidazole rings: trts-(2-imidazolyl) carbinol (2-TIC) 


3, dnd!) trte-(4(5)-imidazolyidicarbine I (4—h10)o4r 


N HN7\ 
("S-foo = COH 
Res Mera 
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4-TIC was found to be a very good metal binder, com- 
Davai cmtor ce rat or COs), Nitti ands cucit ).> but about 
TOO times worse= binder’ tor znitl). “ASO, the Co(lT) 
complex of 4-TIC did not have the blue color charac- 
COVA Neer tetra cooTdiface COLL) =they sugges ted 
that these ligands were a bit too small, so that 
octahedral complexing was facile, and that a somewhat 
larger ligand related to 4-TIC might well mimic better 
DOtN Gne specturascopic behavior of C.A. and also the 
extraordinary Zn(II) affinity of the enzyme. 

Recently Tabushi et ee prepare dest JAS” mode 1s7*(5 


and 6) using cyclodextrin. 


ss ieion 9 LT 


5 6 


The complexes ZnC14:6 and ZnCl4:9 catalyzed (k 
] ] 


Gates 
Woovand) (oases sec (respectively). the whydrationmo t 
Sa MGs Es ae 

By comparing the rate enhancements of these cyclo- 
dextrin derivatives with those from (imidazole) Zn(II) 
and (histamine),Zn(I1) they concluded that both the 


hydrophobic environment provided by cyclodextrin and 
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the zinc bound to the imidazoles contributed to give 
some of the C.A. activity. Another interesting finding 
was that the introduction of additional base enhanced 
the activity, as seen for ZnCl,:6 compared to ZnClo:9. 
Although not mentioned by the authors, this rate en- 
hancement of ZnC1l5:6 vs. ZnCl5:5 could have been due 
simply to different coordination geometry around the 
Zot CI eed CamOA an ec GsSiaiaitlivent orebherspiresenceso firaddt- 
tional bases. 

eulvorlplny seman rat hougim tus doe Semiote five rnitosethe 
Gale gorye 0 f. sae model), aut is, wornthwhighe’ tos mention: the 


work of Kaiser et ay6 


who produced and characterized 

a 36-aminoacid residue peptide containing the metal- 
binding ligands at the active site of HCAB. Due to pre- 
cipitation problems they were not able to study the 
Zn(I11):peptide complex. Instead they used Co(II). 
Studies on the hydrolysis of 5-nitro-2-hydroxy-a-toluene- 
Suid teonadce acaid suditonests ands hydrate On Io: C05; showed 

Uh otestn cave Dtadeevi Neittheapnesencesior absence, of-Co(ied ) 
cident tees. Nitetany vic acta il GractiNvittyensviney at trijbuited 
Ghigeiac eo fasuccessmte whey poor ibaguds nal abalgwty) of the 
peptide’, andemeached thhe cenelusion sthathebhed next 

step in designing a €.A. model should be the preparation 


of. a-pepiti de: capable, offs bindang the activedsite metad 


ion more tightly. 
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Dit RES UU TS @ANDMDISCUSS DON 
A. INTRODUCTION TO THE PRESENT WORK 


The models studied so far, although successful 
in some aspects, all suffer from some problems. For 


eSiemonacratedethat OUT ibound sto 


example por. Breslow> 
Cu(ll) fwas a mnedest cata hystefor CO, hydration, but 
did natPeonsidertthe siitwatiamefor ZnGbI) he Rin Breslow 


at a}o° 36 


and Sigman et al showed the participation of 
Zinc-coordinated nucleophiles in ester hydrolyses, 

but these nucleophiles have no direct analogy in the 
enzyme. Results obtained from models involving M(III) 


yess can not be directly extrapolated to 


complexes 
the analogous Zn(II) complexes, due to the different 
Tonic charge and to the very different reactivity in 
terms of ligand exchange. Woolley?! DEOVEdCU tila tay Zinc 
bound water can have low pK, (~ 8.1) and be an effective 
catalyst for acetaldehyde hydration. However, the 
number and nature of the nitrogens coordinating the 
metal have little in common with the enzyme. A similar 
problem is encountered with the model of Tabushi 


et ay? 


» where only two imidazoles are bound to the 
metal, coOmparedMtowtnireeminmtinuacti Vems ite. oO (GAL 
this case Jittie cansbeaesatdcmabout. the mode ioT ection 


Of the model catalvct: 


The purpose of this work was to build models to 
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mimic the maximum possible number of physicochemical 
features of the active site of C.A. (three imidazole 
ligands surrounding the metal, pseudotetrahedral arrange- 
ment, ionizable group with PKAS~a/yaeblle Go (LId¢complex., 
slow Zn(II) binding rate, etc.) and see how well they 
could reproduce the catalytic behaviour of the enzyme. 

If a model and the enzyme have a lot in common, 
the extrapolation of some property from the model to 
the enzyme is safer than if they are only vaguely re- 
Paecedas Erommtnisapoimtdons cunrdefinitionsof *model:will 


SAN) The “ideal model" 


be much narrower than Woolley's 
will be the simplest chemical system which mimics the 


maximum possible number of properties of the enzyme. 


Be POLYMERS 


Our first attempt at making a model for C.A. was 
one which in retrospect was ambitious in the sense 
that we relied upon a polymeric catalyst incorporating 
pendant imidazoles which were hoped to bind the metal 
in a more or less correct geometry. 

If one incorporates catalytically active functional 
groups in synthetic polymers, the apparent catalytic 
activity may be enhanced due to association between 
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catalyst and substrate and to some cooperative effects 


between different catalytic centers in the polymer’©. 


For example, poly-4(5)-vinylimidazole was found to be 
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better catalyst than imidazole for the hydrolysis of 


nitrophenolacetates °°. 


For the negatively charged 
Substrate 4-acetoxy-3-nitrobenzoic acid a bell-shaped 
pH-rate profile was observed as a result of electro- 
Static attraction to the protonated sites of the poly- 
mer. The enhanced catalytic activity towards the neutral 
substrate PNPA was attributed to the cooperative par- 
ticipation of the anionic forms of the pendent imidazole 


groups. Two possible mechanisms were postulated. One 


Pomcnateecie nNeutbaleimidazore group assists the ‘attack 


CH,—C—OR 
ay 
7 


of anionic imidazole on the ester carbonyl (7) and the 
ouner is that the neutral *imidazole “attack on the ester 
gives a tetrahedral intermediate which is then attacked 
by an anionic imidazole acting as a general base (8). 
With these ideas in mind copoly[N-vinylpyrroli- 
dinone-4(5)-vinylimidazole] was prepared by free radical 


polymerization of a mixture of N-vinylpyrrolidinone 


7 1/ - yt yths > 7 
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bul any wot 2 eSebrot matte Sete 
‘ ime PF : 


5 i glee 2 5& 8 OReraeee sknetae 
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and 4(5)-vinylimidazole (equation 13). 


me AIBN 
Pe 


If all events went optimally the imidazole residues 
would bind zinc perhaps in the correct geometry, the 
polymer chain would provide some hydrophobic environ- 
ment, and the pyrrolidinone residues would be like the 
DevpulUemiuinkagesmoreda protein, thus affording a macro- 
molecule with at least some centers which could be 
Sihitdre tO, tire active site of-C.A. 

The imidazole content of the copolymer was 
determined from the N and O microanalyses. The number 
of moles of imidazole per 100 g of polymer (n_) is 


given by the expression: 
nie 5 PSeNend(Ss0416) axal4d/28 | (14) 


where %2 N and % 0 are the percentages of nitrogen and 
oxygen in the polymer respectively. 

The polymer was. complexed with Zn(II) in the ratio 
lelimimdazo ie | Andie) eae ne be CO ee Cab ony iG 
activity towards PNPA hydrolysis and C0. hydration. No 


catalytic rate enhancement was observed in any case. 


a1 


This fact, and the inability to assign the nature of 
the polymer:Zn(II) complex induced us to discontinue this 


Work..,nd Study simpler, easier to characterize, models. 


Ge CARBINOLS 


These models were designed to bind metals in a tri- 
Ceficatestasnion. Stmitar tostnes way Zn(II) is bound 
in the activessite of CvA. “Several features had to” be 
present in the molecules before they could be considered 
Go0deeandiddtes forecen= models. The first one was 
MigtijebDindingualidtty.. Ihe check this, the binding 
constants with several divalent cations were determined. 
Since the pK,'s were needed as data for obtaining the 
metal binding constants, they were also determined. 
Second, in order to check that the mode of binding was 
tridentate, nmr experiments of ligand solutions with 
varying Zn(II) concentrations were performed. Thirdly, 
Since the coordination number around the metal should 
be four to approximate the pseudotetrahedral binding in 


CA. 7? 


eee Ue VoeVii Ss DLeGMSDeC tra Oiotne  ligeids jusing 
Goll biwas a probe® were recorded. Finally, the zinc 
complexes were titrated with base in order to observe 
the titration of a qraup swith pK. va/i= tne, Das) C. Torn 
of which in CUA. is .associated wi tn activity !22!o:!e, 
Table Diisssnowsw ligands. 9- Ls which nor synthetic con- 


venience were prepared as carbinol derivatives. They 
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contain pyridine and several substituted imidazole 
moieties to compare their different behaviour in terms 


of metal binding. 
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Table JII 


Compound 


(continued) 


Substituents 
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1; SYNTHESES 


Compounds 9-]| 


were synthesized by reacting the 
metalated derivatives of 2-bromopyridine or the appro- 


priate N-substituted imidazoles according to the methods 
of Wibaut et Auf lke 
51b | 


(equation 15), Ro , and Shirley 


and Alley (Scheme X), with the appropriate carbonyl] 


compounds. 


(15) 


= 


sidqw @l-f ghowy ogre. 
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When the imidazole moiety was required to have free N-H 
in the final product, the starting imidazole was N- 
protected before metalation. This was done according to 
the methods of Roeoua and Tang et aqity uSing an ethoxy- 
or methoxymethyl protecting group, which was removed” 


by reflux in hydrochloric acid (Scheme XI). 


SCHEME XI 
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The deuterated compounds d-9 and d-10 were prepared 


uSing 2-bromopyridine-6d as a starting material. This was 


obtained by deuteration of 2-lithio-6-bromopyridine 


a2 


prepared according to Gilman's procedure GSahneme. X UL). 


SCHEME AK It 


Sele ak Care aa Ne -BuLi Jee 
a: MeQD 
Br 
ey? 


N <a D 
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Compound 17 was synthesized using lithiated N-protected- 
2,4,5-trimethylimidazole as a nucleophile (Scheme XIII). 
It is worth noting the exceptionally long time (2 weeks) 


required tomdeprotect yp in refluxing |0zNeq. HCl. 
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Higher acid concentrations gave substantial yields of 
dehydrated product 18, as evidenced by a very intense My 
peak in the mass spectrum and the presence of an olefinic 
Singres ae 'o Pr -pom “tn etive ‘nir spectrum of the hydro- 


lized product. 


SCHEMES ALI I 


1. n-BuLi 
2. Mel |A 
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HN UN : a 
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SUS, R =CH,OMe 
NO) 10% wer | 
18 17 R=H 
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“8, estimated for Ar,C=CHAr is 6.90 ppm 


ie 


wa) ae ‘ 
ay we ee 

F) i ; = : mi mi 
tedue ®\vag aie hea esanes pte 
sHhete] ta Wg & ier- + 9yb og Wd pet As 
e E: ncieel i 12 o 2th ait at waa 
) Mos toees vay) any A AEA e o% rotate 


- Fubong vast 


a 
"Ss 


dest Md ie 


“NS 


Ligands 14 and 15 upon drying (for microanalytical 
purposes) tended to dehydrate (as evidenced by the build- 
up of an M"-H,0 peak in the mass spectrum) to form in- 
tensely colored crystals which appeared to possess ex- 
tensive conjugation as might be expected for a fulvene- 


ke VO" (equation 16)’ 


R 
ay 
Nee 
R NH 
isis oh, a6) 
Jes N —N 
HN B 
R = Me, i-Pr 19 


Y-nmr experiments on these crystals in CDCI. showed 


complete molecular symmetry as expected if the alkyl 
groups were tautomerically equivalent on the nmr time- 
scale. 

Sincesio proved ToPbe inappropriate for study ‘the 
synthesis of ligand 20 was attempted according to 


equation 1/7. 


NaQH/H,0 
{Brn Le be cree rai peek R-—7 | (17) 
-= — Nag550, N 

R H 


Vas 20 
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The corresponding methane was present as evidenced by a 


* 
Taam Singlet at 6 5.4 , and the material appeared 


Vedsconavly Stable ds: itsenGlesait. Unfortunately in basic 


media, the methine H proved extremely susceptible to 


SC 


air oxidation Wihtchecunver teu Tt pack tur to witch 


again suffered deleterious dehydration to form what 


we believe is 19 (equation 16). 


Lee BASIL Chi DES 


Ionization constants of the protonated ligands were 


determined by potentiometric titration methods outlined 


54a -54b 


by Albert and Serjeant and Rossottinand Rossottt 


Data were analyzed by a modified computer version of 


aie) 


the Simm's method GAPPENDIX  Ije. gelkhe pK.'s obtained 


are listed in Table IV. 
Theres no» pred ctabd ee trend tn the basicities for 


9-1 


although on the average the N-methylimidazoles are 
more basic. Where comparison can be made between those 


ligands containing N-CH3 and N-H imidazoles (alter 


Oi eee and ene en the latter appear to be more 


basicedat, [east at pK and PKo>° The pK,'s of the 4,5- 


a | 


disubstituted imidazoles were determined in increasingly 
Organic media for solubility reasons and therefore cannot 
rigorously be compared with those values determined in 


water. As can be seen from the two sets of data re- 


* d 53b 
Sy for (CoH, ) CH Lice Om Ti : 


pK. 's for ligands 9-17 determined by potentiometric 


EE EES PII TE DELLE SEELEY DEITIES GEE IEE LLL EO I IEP LY DLE I ERE AT REALL TO EDDIE T he San EA ta BEAT IT  APIPE TLS APIA IE LEN IIE I 


titration®. 


Ligand pK.3 PK. pK.y 
9 1.5 ”, | 4.7 
10 1.5 21 5.4 
a 1.6 2.65 5.6 
fie 1487 2.5 5.5 
eu 44+0.04 2.8740.1 6.46+£0.05 
ie 8540.03 pu (b(t (ee) 7.5440.03 
144 5840.02 4.78+0.02 7.40£0.02 
ice 3340.04 4.49+0.03 eas 
16f <1.5 3.80+0.05 6.90+0.05 
179 


Aes Od 


“Generally determined in solution comprised of 3.0 mL 
0.25 M KNO,, 1.0 mL 0.025 M ligand and either 0.50 or 
1.00 mL 0.1095 M HNO., and have a + 0.1 unit precision 
unless noted. 

3 mL (1:1 acetone/H0), 0.25 M KNOz, 1.0 mL of 0.025 N 

ligand in acetone, and 1.0 mL of 0.1095 M HNOg. 


“Determined in 3 mL, 0.25 M KNO,, 1.0 mL of 0.025 M ligand 


oe 
COontainingeUs.C9Seamilhimolessos, HNO. 


43 mL of 1:1 acetone/H,0, 0.25 M KNOz, 1.0 mL of ligand 
(0.025 M) containing 0.1095 millimoles HNO,. 
ae could not be determined due to precipitation in this 


medium. 
Re Le continued 


46 


i . : a 
2 a hi cis ap a le aie inieamniaatl — = ~ 


j ‘34 
i ae ih Peet 


a i y 
4 ~ 
= joka ee ] 


%s i 
~ 
” 
4 
c { 
\ a 
= ae d 
} 9 * | 
+ 
J 
. CY , bo 
re 7 2 
~— 
6 
‘ 7 ‘ . ‘) 
i ; sh 
i 
cy i 
mS ae 
~~ > — ( - 
A » | , 
ih, a 
? P 4 Die °s 
t ? _* i] 
oo . 
en 2e--m oe A wheat oe Re al am RRR A CE AR HT ae 
| ei 
ay unos nopouboa af Santana tsh _iiawaame 
; : 
ns + 4 
= ‘ a | bs “ 
| , A { i} rs | 2$.0. 


. h 7 , — 

7 = rt eS 

, fa 0. bee comeease: wt bee 
fo 


- ; ; i 7 : i J = he 
29a 8% OS. 0 , 2 RE at Baa Tag af 


j 7 4 Se ~ 

- $ : va . &. : ,. Mba. o- + << .¢ r 

Aphamrt tie 2005.0 pabneenaw: 
ee NPC ran ro at Tan a 


47 


Table IV (continued) 


3 mL of 75:25 acetonitrile/H,0, 0.25 M KNO,, 1.0 mL of 
0.1042 M HNO, 1.0 mL of 0.0269 M ligand in ethanol. 
Saami or i acetone-H,0, 0.25 M in KNO,; 1.0 mL of 


0.0245 M ligand in methanol, 1.0 mL of 0.1042 M HNOg. 


ported for 14, in the more organic environment the Rees 
are lower, consistent with expectations based on solvent 


polarity, and clearly 4,5-substitution (16 and 12, 14 
and pet Gaia) increases the basicity as expected. 


Ligand 17, in which the 4,5-dimethylimidazole is 
extended from the carbinol centre by a methylene unit, 
is the most basic particularly at PK. and PKoy: when 
Compareus Wi tite) Sen) Oop Ore |b. ae Presumablyathiseis due 


to’ increased separation. of. the positive, charges upon 


protonation..?>/. 


Sie METAL BINDING CONSTANTS 


These were determined by titration of the ligands 


in the presence of metals according to the method of 


54b 


Rossotti and Rossotti The data were analyzed by a 


“Whereas 2-methylimidazole has a pK, ap douse, AMP e em deli 
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ac 
computer program (APPENDIX II) and the results are 
shown’ rn babre’ Vv: 


The general ordering for metal stability constants 


+4 


forte r4 1s ze Ste < Ni < Cu. and a first and 


secona bindinggeconstant ei ndicative; of a 1:1 (L:M"*) 

anid ery cat (L:M’*:L) complex was obtained for each. Ligands 
15 and 16 with 4,5-ditsopropyl substituents appear from 
space-filling models to encapsulate the metal suffi- 
ciently to inhibit 2:1 complexation and no second bind- 
ing constants were observed for these. It is worthy 
LOmNOLe that fOr cA. the order of stability constants 
ecu zn PR Ni Secoe at pH*5.5°>, and®the metal- 
ligand geometry is demonstrated to be distorted tetra- 
hedral at least for Pee and eae While we 


have no details for the coordination numbers for 9-14: 


++ 


M complexes other than those implied from UV studies 


with core 


USEeGmUeG OW) eso, 916. andy “appear from 
models only to allow tetrahedral geometry if they are 
bound symmetrically. It would appear from Table V that 
Zn’ is bound to io andsels, stronger athan. 1S Co”” per- 
haps as a result of the enforced tetrahedral geometry>°. 


The data for 16) indicate, that Zn** and Co” binding 


“The basic computer version was kindly supplied by 
Prof. R. Breslow of Columbia University and was modified 


to be utilized for ligands which possess only two pK, 's. 
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Metal stability constants for ligands Dei ieees 


en et ener 


Value 
Ligand Parameter Gey Coon niet we 
ee ee enn ETRE ieee ontad oO 
9 pK, 5.4 6.4 a2 6.6 
pK, 4 50 5.7 6.35 
10 pK, 5.9 6.6 a NAS 
pK, 5.1 6.2 6.6 7.0 
ay pK, 5.0 5.2 6.8 7.2 
pK, 4.3 4.5 6 5.6 
12 pK, 3.15 ‘ 4.8 a 
pK, 2.7 x f 
13 pK, 7.50+0.05  8.67+0.01 = >10.5 
pK, 6.6740.17 8.10+0.10 é >10 
14° oy 8.8640.10  9.46+0.07 : 11.9140. 06 
14° pK, 8.8140.03 9.6540.03 9.9040.05 11.41+0.03 
pK, 7.53+0.03 8.93+0.04 8.70#0.15 9.64+0.7 
15¢ pK, 7.5040.04 <7.0 ppte 9.28+0.2 
169 pk, 4.0+0.1 4.0+0.1 - - 
re pK, 6.0 4.3 4.5 ih 
Human CAB! pK, 10.5 7.2 9.5 iia 
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Table V (continued) 


a a aE 


P25eUlCy 4 Usml of 0.25. Bt KNO3, 1.0 mL of 0.025 M ligand 
containing 0.1095 millimoles HNO., a patil Let oh peter dae Py M metal. 

Precision Dic seul oun OSs noted. 

“Determined as in a. 


Cprecipitation prevented pK. determination. 


ae amiga les acetone/H0) of 0.25 M KNO., 1.0 mL of 0.025 


M ligand in 0.1095 M HNO., and 0.5 mL of 0.011 M metal. 


Bam men le | acetone/H,0) of 0.25 M KNOz, 1.0 mL of 0.025 


M ligand in acetone, 1.0 mL of 0.1095 M HNO,, and 0.5 mL 


Si. 
of 0.011 M metal. 


23.0 mL (75:25 CH2CN/Ho0) 0.25 M KNO,, 1.0 mL of 0.0269 M 


3 


ligand in ethanol, 0.5 mL of 0.1042 M HNO,, 0.5 mL of 


eR 
0.11 M metal. 
h3 de AP ace tone-H0. 


TReference 8b. 


ane equi Valent liye weaker ha noplevysit-siSe-Of, note that 17 
binds metal in the order Cu’ > Zn’ > Ni’ > Co 
patel VeaueLomtiatetor CA... although the former. va liues 
are abottt 4 pK units lower than those for the enzyme. 

A pattern emerges when one considers the stability 
constants for N-CH, imidazole derivatives 10, 12, and 
16 when compared to their N-H imidazole analogues 13, 
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units. This observation contrasts the reports?” in 


which N-methylimidazole and imidazole exhibit nearly 
identical PK, and stability constant values for Gu Lh 
Gurae, and Ag’. While we have no unambiguous reason for 
the stronger binding ability of N-H vs. N-CH. imidazoles, 


the phenomenon may be related to a better solvation of 


the former when bound to metal as in equation 18. 


4. NUCLEAR MAGNETIC RESONANCE STUDIES 


Yh amr spectra of roughly 10°* M solutions of 


ligands 9-17 were determined in D,0 as a function of in- 
Se: ++ 
creasing [ZnBro] . After subsequent additions of Zn , 
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the pD (pD = pH (meter reading) +104 OteUier Lest 


: When needed, methanol-d,, acetone-d_, or dimethyl- 
Sul foxide-d> were added to increase the solubility of 


the complexes. 
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solutions decreased due to release of protons from the 
ligand accompanying metal binding, and the pD of the 
solutions at the end of the Zn additions was in the 
Ordem 07 4. °9inis tssimportant because the potentiometric 
titrations to determine the zinc-binding constants in- 
variably showed the complexes to be fully formed by 

DH ~=3.5 when) the PK, was 5 or more. Chemical shifts 
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and the Zn” compe xcsutor cd, and 10 are 
given in Table VI. 

Some interesting trends that provide information 
about the structure of the complexes are apparent from 
COnsmcer;ationpof, the data for 9; the pyridine-H™spectral 
region is illustrated in Fig. 3. Assignments are easily 
verified by comparing the spectra of 9 and d-9 (Fig. 4). 
Subsequent additions of ripe showed the build-up of an 
additional set of resonances at the expense of those 
Toon and tinallyawnen the Sezn o Vato Was .¢.. a Clean 
Spectrum was produced indicative of a symmetrically bound 
Zl complex (Fig. Sieg NOW 1teappears that Hj is the low 
field resonance at 6 8.54 coupled to H_ at 6 Seg fe (Joep = 
VeeOuLe eee Byes lamitre t10n Hy in the co lecomp exe iSesSii iced 
Uptiendeto 695 /-/ and 1S ecoupled tostipgat mcm (2.0 (Jang = 


BA He) se) Thismupt te 1deshifm probdabihyeoccuimsmpecduse Hy 


* This Spectrum agreesmveryave ll with» the onesof 2n9(9)> 


(C10,), reported recently by Boggess and Boberdn. >. 
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ZHOo'L = “pe ZH OL = [8p 
zH otg = Ip A ae, Soi ee ZH g*Z = 2% 
PP 95°8 PP 92°8 PP €v°Z = Sl PSY a: 
ZH oo, = 8p ZH gt = Vp = Vp zH OL = [8p 
ZH oO fe= op Ziiego/ ence p ZH 9*Z = 2p 
PP S°Z Bpazees PP Sy'Z = 6-P 
zH 094 = Up zH o9°Z = Vp ZH O's = 8% 
PPP ¥S°8 PPP Gz'g PPP Ob°Z PPP /L°Z 50 = 6/, Uz 
zH og*Z = Up zH o9*z = Vp zHo°s = Bp 
Ppp /S‘Z PPP ¥6°Z PPP Sr'Z PPP 9g°8 
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ZH 9*L = Uap 
Burdde[uaro ZH gtp = Gp 
g0°3 on: PP S9°Z S pliZ 6i°1) =ses0te SL = O1-P/, uz 
zH 2g = Vp = 9p zy ag = I9p 
(4q) . (4q) (4q) S 09°9 he 
P Sr'g PP 02°8 P Ob'Z —_ S$ Q0i/ 5 Zpig S i2°4 S°0 = O1-P/, UZ 
Zea Gee on Wn argc edn (4q) (4q) 
PP 25° PP 96°Z pp zg°Z —- $469 S22 S BPE OL-P 
6 
ULdde | uaao (ty 40) (Fy 40) = 
go's 0g°9 PPP ¢9°/ Nemyere “je wien sbi, SL = OL/,,UZ 
s z79°9 Bs. 
WP 9b°8 Pi 22°89 W 2y°Z wo 0°S SOL*L S bro S L2'4 $°0 = OL/, uz 
wp Lg*Z PP S6°Z W gh*Z WD e's S 69 S Per Sys a, OL 
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RUC ieee Jie BLS ‘y-nmr SPC LidsOieded DOME Seeci eet complex 


in D0. See Table VI. 
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in D,0. See Table VI. 
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in the 2:1 complex lies very close to and above the plane 
of a pyridine group of a second ligand, and is there- 
fore shielded by the latter's ring current. Unambiguous 
confirmation of these assignments is provided by the 
spectrum Of the analogous, 2:1 complex of d=9 in Fig. 4. 
These observations are important when considering the 
Speci Vorm Or slUsand= its rea complexes tl Vusgrated in hig. 
5. The middle spectrum again shows downfield shifts for 
Hp and He and anzupfield shift for Hy the position of 
Hp remains roughly unchanged. A sizeable downfield 
shift of 0.74 ppm is observed for the imidazole N-CH., 
as well as some small signals attributable to some 
residual uncomplexed 10. Increasing G7 causes a new 
set of resonances to appear at the expense of those 
Prone dn dats es eCOMDIeX, Umtil tay symmetni co pattern 
is obtained when the rd thm rarvroy 1S- >a Wempelieve 
Ciacethnsetindi spectrum 1S, thateot the lal) complex of 
10 and note that the pyridine Hy has shifted downfield 
once it is removed from the proximity with the second 
Digan emeinesspectiadipparameters for d=10 confirmeche 
assignments (Table VI and Fig. 6). 

From the above, one can reasonably conclude that 
these molecules exist as Symmetrically bound complexes in 


solution, and that VOthecelmandelaslmecomptexcsi ex bs t 


ah This same effect has been noted before in the nmr 
spectrum of [rel!(Bipyr)g]Clo°". 
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The H-nmr of d-10 as a function of increasing 
[zn°*}. The large resonance at 6 4.8 is attri- 
buideble to. HOD bor a. discuss pon.oF sche 


resonances attributable to He see text. 
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depending on the ligand:Zn ratio. It is noteworthy 
that for the equilibrium described in eq. 19, the rate 


of interchanging the species is slow on the nmr time- 


OL + Zn) SL tt Li2mt) Se Len te (19) 


(1:1 complex) (2:1 complex) 


scale Since separate resonances are observed for each 
Species. 

Analogous experiments performed with ligands 16 
and 17 showed very broad and ill-defined nmr spectra, 
indicating unsymmetrical binding and/or fast exchange 


between complexed and non-complexed ligand. 


FOmauron wrtcnin the 2:i complex of 10 - 


noomerunre: midd keltspectya Mn-irige 5 "and iFi'g). S64 't 
can be seen that the imidazole hydrogens, He and He, 
Bupear eas farts 101 Gu tat Boe Aer Oed ndeccs Patia® ‘of Pforturtous Ly 
equal intensity broadened singlets at 6 6.44 and & 6.62 


respectively. From equation 20 in the symmetrically 


bound 2:1 complex He of one imidazole can be positioned 
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between two pyridines of the second ligand (21) or 
between an imidazole and a pyridine of the second ligand 
(22). This should give rise to two different shieldings 
for H-, the He peak from 22 twice as intense as the one 
from 21. The fact that both peaks appear of equal 
intensity can be explained if for example 21 is for- 
CULlOUS|yY anititiemmoresstapie than 22, the equilibrium 
constant for the process in equation 20 being Keg = 
kKo/k_5 = 1. Variable temperature ‘u-nmr studies 
on this sample showed that at temperatures above 320 K, 
the latter two peaks coalesce into a singlet centered 
at 6 6.52, experimentally midpoint between the H values 
Shown in Tabie VI. At 275 K, two approximately equal 
intensity imidazole N-CH3 resonances separated by 2 Hz 
were observed, in mere enent with the described equil- 
Pome nincurew0d 2i. andacd. 

The rate of site exchange (ko, equation 21) and 


the activation energy (AFT, equation 22) for the process 


could be calculated assuming equal populations in both 


Sides of the equilibrium. From the experimental 
Sore = 20 Hz (at 100 MHz) and a coalescence temperature 
of 320 K 


ko = 1/2 = 1/[2(0.225/4v)] = 44 seca. 


art = 2.303 RT(10.319 + logT - log ky) = 16.4 kcal*mol”| (22) 
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5. Zn’ COMPLEX TITRATION 


Oreparviculear importance to. the activity of C.A., 
and therefore to any system designed to mimic C.A., is 
the activity related ionization of a group with. a 
Seay) (see Introduction). Among other candidates, 


Zn-OH, has been theorized to have such a low PK, in 


Toten ieee Oig 2idi6 CO's e. 


the enzyme and it has been demonstrated 


3] 


in some model systems that the PK, of the zinc-bound 


water may approach 7 if the coordination number of zinc 
iuecie eCOmpLex 1S). 4.07 15). 


On the other hand, ionization of Zn-bound imidazole 


et ath 


some experimental justification in simple complexes o. 


has been proposed to account for the low pK. 


In order to cast some light on the above question, 
ligands 10 and 13, differing only by N-methylation of 

the imidazole were complexed to an equivalent amount of 
Zn’ and titrated with NaOH. In both cases titration 

of the free bases (0.025 mmol) in a solution containing 
0.1095 mmol HNO. Showed complete release of all added 
DEOLONS atten PKs had been passed, and that this process 
was completely reversible. When bound to equimolar 

he is =showed conplete reheace sora li @added Hi by pH 

~ 3.5 indicating that metal binding was complete by that 


point, and the additional release of 0.025 mmol H™ 


(1.0 equiv. based on ola) Gnomenurtitear taieeration. 
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Suggesting Zn**-OH, or Zn’ *-ImH ionization, with an 
apparent pK. OF OUMCee CUlCraVioilet’ spectrasotothesolu- 
tion on either side of the apparent pK, Showed no 
substantial changes and the solution remained clear 
initiate least phe |Oftanditatinga thate free Eznian was 
very low. Analogous titration of 10 in the presence 

0 f inte curiously showed the release of only 0.8 equiv. 
of H’ (based on 10:Zn**) at the apparent pK, of 6.50 
and not the expected 1.0 equiv. The difference between 
the observed and the expected base consumption (in 

this system) may be associated with the presence of 2:1 
complex. Again, UV spectra of the solutions above and 
below the apparent pK, Showed minimal differences. On 
the surface, the data appear to be most consistent with 
1Onization of a Zn-OH,, however this is tempered by the 
fact anat neither titrations provedsitotibet reversible. A 
speculative explanation for the irreversibility of the 
titrations might be dimer formation as in path a or b 


of equation 23, although one would think that these 
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"dimers" would revert back to L-Zn**-0H, Gutckly fin acid 
COMULUON. wlle mona wa Gee yy Lzat yon.ot these idimers. was 


attempted by isolating a complex from basic solutions 


containing ligand and anes HOWGVE By aALne 


H-nmr spectrum, 
microanalysis and molecular weight determination gave 
inconclusive results. While some precedence for the 
existence of oxy and hydroxy bridged In’ dimers is 
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available such bridged species are more commonly found 


with ions like Co(II), Cu(II), Ni(II), and Fe(111)°*. 
Eigands | 4 us were sinvestigatedsanalagously.) It 
can be seen from space filling models that the progres- 
Sively bulkier substituents at the 4,5-positions should 
prevent 2:1] (L:Zn7*:L) binding, and reduce the possibility 
of bridged dimers since there should be severe buttress- 
ing between the zsopropyl groups on adjacent ligands. 
HEyation sos Zn’ :14 Showed the consumption of 1.0 
S001 Vv anO aU tiees ted DOUPEDH, Lywabtitiebhis. was ‘tied ito the 
reversible formation of an intensely blue-colored solution 
which indicates the ligand itself suffers some modifica- 
PEON. Bein Gand lo, seveniaate<aciid sph swhen complexed with 
Zi ga veda sbi ghtepink 45.0.1 ution scons 1 sten & with 
transformation, to 19 .according, to equation, 1.6. 
Ligand 16 on the other hand showed no propensity 
to form colored solutions (again supporting dehydration 


of 14 and 15) and was therefore titrated (for reasons 


of solubility 16 required a titration medium of 80% 
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aq. dioxane) in the presence of equimolar pare aes 


Linsecase. CUGTOUS|Y at “pH 7 two equivalents of .OH” 
were consumed and the process was reversible. Control 
experiments under the same conditions but in the absence 
of 16 showed again the consumption of two equivalents 
Oma ted Uli e Ott 7. wiicn 1s clearly tied- tothe 
formation of Zn(OH)5*XH0, but the latter species appears 
quite soluble in the medium. Thus it would appear that 
because Zn. binds to 16 only weakly (pK>, +4 po Lies A ah We 
V) at elevated "pH" OH simply sequesters the metal 

away from the ligand. 

Ligand 17 was designed to prevent 2:1 (L:Zn**:L) 
binding, oxy- or hydroxy-bridged dimers, and the deleter- 
ious dehydration in the presence of Zn** and OH. One 
imidazole N-H was required to provide reasonable metal 
Dunding.='brcration of 17 1m the presence of equimolar 
Zn** showed the reversible consumption of 1 equiv. OH 
with an apparent bee OT ~ ONS “in "76% ethanol/water and 
Gier= JeottInOUewdg. 'di0xane. "ln “tne absence of I/, Zn 
under the same conditions showed precipitation of 
Zn(0H)» and the consumption of 2 equiv. OH at around 
MpHwee/e. ee inilerac Vion 0 fel 7 Wit) Zn is strong enough 
tee hold the latternein Somitronm, "andthe consumption of 


+. ImH Mvcration 


OH is consistent with Zn” ”:0H, or Zn* 
(although the ae seems too low) or more likely with 


OH” displacement of one of the weakly bound N-CH, 
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imidazoles as in equation 24. 


Ny 
HO a h 
| — 94H 
2+ at N re n 

17:Zn"0H, + OH Ere ual ty os 

N _— 

N if 

HH (24) 


Gr COI BCOMPUEASPIURATION AND UV VISIBLE SPECTRA 


The fact that activation of apo-C.A. can be achieved 
with Coury? provides the possibility of using the 
spectroscopic properties of cobalt as a probe for the 
active site geometry of C.A. Zn(II) can not give the 
same kind of information because it has a complete set 
Ciaure 1 eC trots. . 

Tnemuo,lis ton nas a q/ com 1duration. ande1t Torms 
preferentially octahedral complexes, although four and 


be Ob, 


five coordination are not uncommon The d-d 


absorption spectra of Co(Tl) are so characteristic that 


the geometry of a complex can be reasonably well pre- 


SEO Generally octahedral 


] 


dicted from 1ts spectrum 


Co(II) is pink (A OG, Gan eee e1OWMa ite pias) ahora 


ma xX 


tetrahedral is blue or violet tae Sor oenn ee 200 
] 


1000 M- em), High-spin pentacoordinated Co(II) com- 


plexes have absorption bands usually between 500 and 
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700 nm with intensities intermediate between those of 
tetrahedral and octahedral species | 9269C_ 

Again, ligands 10 and 13 were compared as their 
Co VilOimcontlexesmm |itration tof equimolar amounts of 
MOsdideCO lean deloeatagro ll pesnowed titration of a 
group in each one of the complexes, with respective 
pKi's Ofori omoe Ota littaviolete spectra of each 
above and below the apparent pK. did not show evidence 
fowetetranedralwor tive coordinated Co(II). Hence in 
these systems what appears to be simple Co-OH, titra- 
tion isi not sufftcrventeto enforce ‘a tetrahedral geometry. 

a ata swed at wiiectCmraesnowed  apSence O71 any “tetra- 
hedral tor *five-coordinated, Co(1 FEF) bands: 

The complex 17:Co(II) upon titration with NaOH 
in 76% aq. ethanol and in the absence of air developed 
a Violet ‘color ean = 550 nm, € = 60 assuming complete 
ie binding )“attrabuteble to four’or five “coordination 
with an apparent Di a eee LOWEN GY a ai11.0 conclusion could 
Devdrawn trom tis experiment. Since =the viotet'color 
fonmatron proved not to. bee reversible upon’ reacidifica- 
Uo Wit nepercihoric sor shydrocioric sacid.9* Fh's 
UMereversiro tl tLy-as9 notelike ly due! to Cole!) torme tron 
because the experiments were performed in the absence 


of oxygen, but probably to ligand decomposition (dehydra- 


tion?) as in equation 25. 
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17: Co(II) — \ Co(II] (258) 


rie: CRUARY PDC STUDIES 


Pigandseweatdeiewere estes ted for catalytic activity 
towards PNPA hydrolysis at several pH's around neutrality, 
in the presence of several ‘nee concentrations. For 
both ligands no catalytic rate enhancement was detected. 
Ligand 17 was also tested for acetaldehyde hydration 
MernOuumsuceess | hindi ty by was tested for C0. hydra- 
tion in 76% aq. ethanol. The results are summarized in 
mabe Vil, 

The first noticeable thing is the high values for 
66 


k compared to literature values 


aie obtained for C0. 


hydration in aqueous solutions under similar buffer and 
ionic strength conditions. This is in agreement with 
Ganon ae observation that the bicarbonate dehydration 
1s accelerated 43 times relative to water in the presence 


66c 


Of Jo 200 Toxo) ee Probab Vein emuran Sa Lio sia.ce does 


not have much charge separation (equation 26) and is 
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TABLE VII 
CO. hydration in 76% ethanol :H,0 bee oe oe 

Reaction conditions k (secs) ks (mo! sec!) 

obs cat 
Spontaneous (pH 7.50) 0.175+0.015 = 
Spontaneous (pH 6.50) 1.110+0.050 — 
we (pH 7.50) 0.180+0.005 e 
17+ Zn" (pH 7.50) 0.284£0.012 109+27 
17+ Zn" — (pH 6.50) 1.520+0.025 41 0£75 
kinetics measured in 0.05 M HEPES buffer. Ionic 
Strength was kept constant at 0.2 M by NaCl0, addition. 


4 
pH values are those directly read from electrode 


immersed in solution. 
RA] a= P00 oN 


Pree" fen (CLO 2470-28 
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“Negligible within experimental error. 
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stabilized by decreasing the polarity of the medium. 


0 H H 
\er/ NN 7. 
0 jp C—O 
i vt 
ae ‘ nana 
(2a=6 = 0. ae , 
if ay ¥ ms \\ 7 
0 H--0 H 0. 
\ H 
0 H 
H” H 
(26) 
+ 
HCOR- SeAHesD 


The second and most important observation is that 
eat diminishes with increasing pH. Although measure- 
ments performed only at two different pH values are 
not enough to define the pH dependence of the phenomenon 


measurede it, 1s clear that KO tet eUe l Senso er 


at 
Pict tepieo. SOummeIn other words, the concentration of 
the catalytically active species ([CAT]) is decreased 
as pH increases. 
Assuming that the catalytically active species is 
a trts-imidazole-coordinated zinc complex, the following 
EQuaibr ium edualton zd) can be proposed, which 1s 
CUSOMCOMSISTENt With therbase titration of the complex. 
CAT could be a zine bound hydroxide species. At 
pHa6.5 theeconcentratian ofeCAl swoltlkd abe cenough eto 
produce the observed increase of k),. of 0.410 Scuue 


When more base is added to the system to increase the 


pH to 7.50, the concentration of CAT (probably through 23) 
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17: Zn— OH, 


HO- 


+ [Zn(0H) 


ad, 


1S decreased. Zinc hydroxide could then preci picate, or 
agglomerate i;reversibly sande tie sligand coulduproronate 
CME hye Pete Sag hel = PKa, | OGM ee USmaCr coum olla SCeeCON Ss Un — 
tion in going from 17:Zn-OH, to 24 would still be one 


mole of base per mole of complex. 
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Se CONCLUSION 


Although for various reasons each of ligands 9-1 


has some serious deficiency in terms of their ability 


LOmDescCunS oenedmas mamodels= tor the metal binding 


Site of C.A., several important observations have been 


made which cast light on the minimum features such 


models must possess. 


Ue 


N-CH. imidazole ligands bind metal rather poorly 
when compared with their N-H analogues. One 
clearly requires large PKytt values for a potential 
model for C.A. so that the metal will not be 
sequestered away from the ligand at elevated pH. 
The small ligands 9-12 from nmr studies in D0 
Siganonecatme Gesumds) 2l sor, lisleometal complexes 5 
the latter being favored at high metal concentra- 
WLOUS: 

Deleterious 2:1] (L:M’*:L) binding can be overcome 
by placing large alkyl groups at the 4,5-imidazole 
positions. However such substitution in the trts- 
imidazole carbinol series appears to lead to facile 
dehydration to produce highly colored fulvene-like 
materials. Such dehydration can ‘be overcome by re- 
moving the carbinol OH group, or methylating the 
imidazole nitrogen, however the former substitution 
of OH by H produces an extremely easily air- 


oxidized methane, and the latter N-methylation 


_—— 
} 
a2eoT Pvoroee? YO? AO 
4 ‘ Ps 7 : "OT NS , 


vo® “aisbem” 2). bovebtzaoe-ad OF 
a= 


leads to rather poor metal binding ability. 

One possible reason for the dehydration of the 
N-H ligands and poor binding of the N-CH. analogues 
might be strain forces involved in the formation of 
Ero smevaecomvlexs sie sladcimathat ketone: 6b ‘can be 
obtained by simply heating of carbinol 16 (SCHEME XIII) 
mdreates "Chat 6 “ntselty might beva“stratwed molecule 
and decomposition relieves this strain. Binding to 
metal strains even more the ligand molecule. Figure 
7 shows the approximate geometrical arrangement for 
Zn’ binding of one imidazole of a carbinol ligand. 
-N, = 1.33 A, and 


Bond lengths OH )C-C, SOV Ea NIC 


Z 
: and angles N3-Co-N, = 109°, and 


( 
A 


N,-Zn Se 5 


Fig. 7. Geometrical arrangement for Zn** binding of one 


imidazole of a carbinol ligand. 
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Co-N,-C. = 108° were assumed to be the same as the 
analogous ones in the complex 16b:ZnBr, (APPENDIX III). 
The angle HO-C-C, was assumed to have the tetrahedral 
Vale "OR 109°.) Tt can be seen’ that C-C,-N,-Zn form 
half of a very distorted hexagon. Assuming that the 
optimum direction for imidazole binding is the one that 
bisects the Co-N,-Ce angle, as represented by the dotted 
line in Fig. 7, the deviation from this angle when 

the trts-imidazolyl-carbinol ligands bind zie is quite 
Perce (16. )oeeineordereto minimize this deviation, 
the molecule has to increase the OH-C-C, angle, thus 
increasing its total energy, and as a consequence its 
susceptibility to chemical modification. 

From the above, the next step in the construction 
Gieoesmode huanor titelcacthve smte ofji6.sA sewas thei -design 
Of fa senies of ligands lacking the possibility for de- 
hydration, and making metal binding none favorable, 
without the need for a large distortion of the molecule 


(i.e.: the phosphine analogues of the carbinols). 


D. PHOSPH-LNES 


As indicated in the previous section the tris- 
imidazolyl-phosphines were synthesized in order to avoid 
some problems presented by the carbinol analogues. A 


Similar geometrical analysis of the mode of binding to 
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++ 
Zn can be done. 


The geometry of phosphines is that of a trigonal 
69,70 


pyramid (Fig. 8). The angle each bond makes 


Fig. 8. - Geometry of 


Phosphines 


Waitnetie: Drimcipal axis (0) 1s related to the. bond 
angle (¢) by equation 28, /% The bond angle ¢ is 
avVorcalivearcund., 1.007 (ver. /0). With this value..and 
uSing equation 28 a value of 62° for 8 is obtained. The 
average value for P-C bonds in trisubstituted phosphines 
SeelaG A ee With this data and the N-Zn bond distance 
Or 405 A (APPENDIX III), the approximate geometrical 
arrangement for Zn’? binding of a trts-imidazolyl- 
phosphine can be drawn (Fig. 9). 

It is observed that the deviation of the actual 
N-Zn binding direction from the optimum one (dotted line) 


AsSismalteretivan ii wthetea rpino keeaseeOels ys. 2th is 


indicates, however, that these phosphines do not afford 
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yet the optimum geometry for ae binding. 


Fig. 9. Approximate geometrical arrangement for Zn** 


binding of a #¥ts-imidazolyl-phosphine. 


Te SYNTHESIS 


Nucleophilic displacement on phosphorous halides by 
Organometallic reagents is a very facile process lead- 
Ing to tertrary phosphines/ | 

The synthesis of phosphines 29(a-c) (Scheme XIV) 
was attempted first by reaction of lithiated 25(a-c) 
with phosphorous trichloride. The phosphines 26(a-c) 
were obtained, but the strong acid conditions needed to 


44 


deprotect the imidazoles.’ led to P-C bond cleavage. 
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Instead, the bis-ethoxy methyl was used as a protecting 
group’ *. The N-protected imidazoles 27(a-c) were 
lithiated and reacted with phosphorous trichloride to 
give the phosphines 28(a-c) which were not isolated but 
successfully deprotected under neutral conditions to 
afford compounds 29(a-c). 


2. H’ AND M* BINDING CONSTANTS 


Ionization and metal binding constants were 
determined in the same way as for the carbinol compounds. 
Ionization constants are listed in Table VIII. Due to 
solubility reasons the experiments had to be performed 
in media of different ethanolic content, therefore the 
values for the three ligands are not directly comparable. 
Bowe Xone ~eDnOSpminercoecudappears to De “substantially 
Yess basic than 29b, but that might likely be a solvent 
effect, the more polar environment (less ethanol content) 
giving a higher apparent pK.. 

In and Co.” Dindinde constants tO; digand 29 were 
determined in the same medium used for pK.'s determina- 
PO howe Or OL GlelO Dest oreo Uma oO os AN Umes Ome Ome S— 
pectively. The much better ability to bind raves compared 


ce How- 


to Co’. is probably due to tetrahedral binding 
ever, these binding constants are very small if one 


: ++ ++ 
compares them with the affinities for Zn and Co OW 
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TABLES Vl 


Ionization constants (pK,'s) for ligands 2 Coates 


SS I ATE I TT TT I SI I AR NE SRS A A A RR a RA RN RTE ES 


; cae 
Ligand PK. PK. PK.3 EtOH/H.,0 ratio 
29a° 6.79 6.04 2.54 0.67 
29b4 758 ss 2.44 0.20 
29° 6.60 4.35 2.80 4.00 


?+ 0.05 unit precision. 


Dat Cyespeqiniing Of 4he, ti tretion. 
S4 ml 0.25 M KNO, in 1:1 EtOH/H,0, 1 ml 0.025 ML in 
0.1051 M HNO,. 


dy She Ura ty KNO., Iie. Oc OMe ei Nee COHN, 9) ming. 1051 M 


HNO... 

“3 ml EtOH, 75 mg KNO., 1 ml 0.1051 M HNO,, 1 ml 0.025 M 
Pe fie EtOH 

apo-carbonic anhydrase. Perhaps this results from the 


non-optimized geometry for metal binding of this phosphine. 


3. NUCLEAR MAGNETIC RESONANCE STUDY OF 29c AND 


Zn’* BINDING 


"4- nmr spectra of roughly 0.026 M 29c in dq- 
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fig. thOesulhe: Henme spectrago Fecoauand Fi tse! 3! Zn** com- 


plex in D,0-CD20D. See Table IX. 


methanol :D,0 Wereprecordédraskatfunctionsofeincreasing 
oa ap As it can be seen in Fig. 10, when the 29c/ 
rae ratio was 1, a well-defined symmetrical 1:1 

complex was observed. Chemical shifts and coupling con- 
Stan bs Ormtheu boqand dnd. 1ts Zn complex are given in 
Table IX. Further addition of Zn did not change the 
Spectrum and 2:1 complex was not observed. 


For the equilibrium 


OSee 7h) oc 7n (29) 


TABLE IX 


Chemical shift values for ligand 29c and its Zn** 


complex determined in CD,0D:D,0 solution. 


* 
H, H. CH CH, 
P 29¢ 3.00 sept 1.22 d 
3 J = 7 Hz Jas alz 
[Zn’*]/[29c] = 1 3353: Mee Gil? cie@dadeeps luce d 


Ue 72 UZ Saaz 


the rate of interchanging the species is slow on the 
nmr timescale since separate resonances are observed for 
Bach species s SAlSOewtne tact tnat™two distinct = resonances 


for the tsopropyls are observed indicates that the 
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molecule is indeed bound tridentate as expected. 


Wee eRATESOFe Zn “BINDING BY. 29c 


There is evidence that the binding of metal ions 
by apo-carbonic anhydrase is different in important 
respects "from tne binding of the same-tons by small 
ligands. 

For example, the second order rate constants for 


the reaction of Zn with small ligands are in the range 


7 8 ] ebony 


of the ligand’?. Holyer et ai/* reported lower values, 


ceria, ae Atco tore tne reaction of ane 


TO=10 5M" » With little dependence on the nature 


elose to 10 is 


Mitte siO0-phenanchroline., c,¢ -bipyridine,s and 2,2° ,2)"- 
fenopvyridines ~The reaction of Zt we with apo-C.A. is 


characterized by rates which are two orders of magnitude 


Slower than observed with these polydentate ligands’?. 


The activation parameters for the reaction of ig 


with the apoenzyme are also very different compared to 


the reaction with the ligands studied by Holyer et ae 


Chelate formation with small ligands is characterized 


] 


by a low energy of activation of 7-8 kcal mole and 


a small negative entropy of activation of -4 to -8 cal 


7 mole |, whereas the protein reaction has an un- 


usually large energy of activation, 21 kcal fioiem 


deg 


which is partially compensated by a fairly large positive 


entropy of activation amounting to 27-29 cal deg”! 
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}/° ‘ awe 
mole7 feeSincesthe Zn is bound to the protein at 
the bottom of a cleft, the large positive entropy of 


1S to liberation and 


activation has been attributed 
disorder of bound water molecules from the Zn. and/or 
the protein cavity. 

In order to compare it with the enzyme, the rate 
Ceca DincinospyvecoceuWwas, Studied in 76% ethanol:water 


(again the organic medium was needed for solubility 


reasons). The results are summarized in Table X. 


TABLE X 


Rates of Zn’* binding to 29c°. 


: 27.8 3 740.5 3,540.2 
ii 27.8 ay 11.0+0.8 3,340.3 
iii 27.8 3.319 10.140.9 3.040 
iv 27.8 fe 8.8+0.5 
V 28.2 S31 11.340.5 3,440.2 
vi 28.2 7) eens x 
vii 28.2 1.10" 9.6+0.4 : 
viii 22.8 ot 11.0+0.5 3.340.2 
ix 17.89 3.31 5.0+0.5 . 
x 2380 3.3] 19.8+1.6 5.00.5 
xi 42.6 at Avec aie 9.040.5 
xii 46.3 3.31 34.841.7 10.540.5 
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Table X (continued) 


Measured under pseudo-first order conditions [M]/[29c] 
>10 by looking at the optical change at 290 nm, wave- 
length of maximum difference between the spectra of 29c 


and 29c:Zn** cCompreax. | nhesconcentration of 29c was 


5 


2x LOer eo Meunmiess otherwise stated. 


Dan (NO,), was used. 

“Pseudo-first order rate constant. 

dcecond order rate constant ko = perez ne 

“The Liem tieazine solution Was 5.3. 

The BUliemOM FLRCMeZI Nee SOlUGHON Was adjusted to 6.2 by 
addition of NaOH. 

[The "pH" of the zinc solution was adjusted to 6.9 by 


addition of NaOH. 


h 2 


ave CONnCeN trataonmot —29c-was 1 x@l0 ~ Me 


JThe kinetics at this temperature was no longer first 
order. The observed rate seemed to have two components 
a. fast and a slower one. The value reported for Ky 


GCORreasSuOnds stOsene, fast one. 


It can be seen from the first three entries ithat™ the 
rate of binding is constant within experimental error 
an’ the’ phe ranges 5. S-629. Andi cating thatetie Yate- 
determining s tepeis revative lymandependent of "the ts tate 


of protonation of the imidazole. 


_ a 
(5 wo tin no3) ak det 


a ~— ees —— 


ye Perl -588 ae Tebiy everett 
ene | ioe eng * jet Wa ofS 
1+ pao) O29 rh. munirana To fA raat 


” 


. 7 
{ pH) Hs 
5 


: 
het eng se V9R1TO J hy~ouusaae 


——— 


Peeie ono seelLie gependence’ of the pseudo- 
mUGotmO der wacemGOns Lanu who the Zine concentration 


(oncmies Iv=V1i0an table %). 


11 2.2 33 6.6 x1074M 


IZ n(N O}),| 


Beem Oe Ote tiem DSeuldo—-1 rst order rate constant 
of Zn’” Dad umGm Lone Ca ws se CNeacOoncen tration 


of Zn(NO3)>. 


Contrary to expectations the rate of binding appears to 
be relatively independent of the zinc concentration. 


Ute iis possibile thatthe metale binds in ar fast step 
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to the first imidazole of the ligand, and then more 
Slowly to the other two; the measured rate correspond- 
ing tomes Lastinatesdetermining step.» If this were 
$0, determining the rate of binding under conditions of 
successively lower [Zaks] Should ultimately alter the 
rate determining step to one dependent on fae ea 

The rate of binding was observed to increase with 
temperature. The Arrhenius plot (pH of the Zn** solu- 
tion:5.3) over a range of temperatures is shown in 


plGee 2 .entriesmv. vial, xX-xX11 In table xX). 


5.5 


5.1 


3.1 32 3.3 3A One 
WAAL 
Big. l2. “Effect iojeetenperacvure sone. nce d te ecOns tant 


for the bi nd ndeod In** to 29c. The Strabane 


line is a least squares fit to the experimental 


1 
data. 9 2n s = 20.49-4699.8 (7) oe ABORT 
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feseneruyveand entropy.01 activation are 9.3) kcal 


-| ] 


mol mol. respectively. Although 


4 yo! se 


and -6.5 cal deg. 
the rate of binding is quitevslow (3,3 x 10 
at 23°) in agreement with 29c being a reasonable model 
for C.A. metal site, the activation parameters are 

more indicative of those for a smaller ligand. The 

very small activation entropy indicates that there is 
not very much solvent reordering in the rate determining 


step for the observed process. 
SF CoCcl) WvaSIBEE SPECERA 


For eredsons  exmlatined in the previous chapter, 
Co(II) was used as a probe to assess the coordination 
geometry of the phosphine complexes. 

US VemeoD CCE am O fe 2c an daaJUeen wes presence of 
CoCl. showed little if any evidence for four coordinate 


ligation’>?°°: 


On the other hand, the dizsopropy!- 
phosphine 29c in the presence of CoCl, showed reversible 
formation of a tetrahedral species (Fig. 13) at increas- 
ing pH with bands appearing at 588 (285), 622 (450), 

646 (516), 662 (501) nm (ce), with an apparent "pK." 
Pag 1A) Baprounidgs . SF. 


The 29c:Co(II) spectra were found to be highly 


Cats were determined by adding known amounts of 29c to 


a ced containing sesame or Ue on CoCl, in 76% EtOH/H,0. 
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UV-visible spectra of 29c:CoCl, complex at 
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4 5 6 7 pH 


Fig. 14. Intensity of the 646 nm d-d transition of the 


complex 29c:CoCl, as a function of pH (from 


Fig. 13). The line drawn is an eye-guide only. 


anion dependent (Fig. 15), reminiscent of the situation 
FOGetne COV) enzyme. Vrig. lb).)-In the: presence of 
C10, and NO, the 29c:Co(II) spectra were not indica- 
tive of a tetrahedral coordination but were more con- 
sistent with predominant 5 and/or 6 coordinate 
Co(Ti jot: cso. 

er cmc Ce meh mao tid eS LOn Otmc Ce lismet XT OLE 
enough to allow access of one or more additional ligands 
other than the three of the phosphine. This feature 


may be important if the transition state for C0, 


hydration by DOCH Tne. involves five-coordinate Zinc. 
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UV S=V iSpy easter rosso jmed 29c:Co(NO,). solu- 
tions saturated with different anions in 76% 
ethanol:H,0; Gl (])3°Br (2-==)2 1 eee 
F (—-—-); N30 (—---—). The spectrum of 


Co(II) bovine carbonic anhydrase in unbuffered 


solution at pH 8.8 (— —) redrawn from ref. 11). 


Absorption spectra of the complexes of 
bovine Co(II) carbonic anhydrase with: 
em he aig Wy eo mo 


Reproduced from refs. 8a and /D. 
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6. CATALYTIC STUDIES 


The catalytic activity of 29c towards PNPA 
hydrolysis and that of 29(a-c) towards CO, hydration 
were studied. 

Compound 29c and its Zinc complex proved to be 
inactive in catalyzing PNPA hydrolysis. 

The results of the CO, hydration experiments are 


Summarized in Table XI. Phosphines 29a and 29b at pH 


725 @show Veny small catalysis Con SG ae! sec’ !) 


which does not seem to be enhanced by the addition of 
Zn**. On the other hand, phosphine 29c shows a negli- 
gible catalytic effect at pH 7.5, but upon complexation 


a +4 


M) Zn produces a catalytic 


rate enhancement of CO, hydration of = 30 Mee ec uat 


with equimolar amount (10 


This catalytic rate enhancement is somewhat increased 
Deimos andes t@ dasappears COmMpretely at pH 6.5. This 
observation indicates that some basic form of the com- 
plex is probably the catalytically active species. 

Mimi d Gt bila tions exper Lumen tS. .0n 29c:Zn~ Showed an 
ionization of some associated group which can be tenta- 
tively assigned as 29e27n/,-OHa. However, the titra- 
tion curve was not easily analyzed as having arisen from 
a single well-defined event. Probably the basic part 

of this titration was complicated by complex hydrolysis 


(similar to what happened to carbinol 17) due to the 
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Rates of CO. hydration Catalyzed by Complexes 29:7n'* at ‘Asi & 


Reaction conditions 


Spontaneous 


Spontaneous (p 


@ ft 29c p 
oO 
ze hi2ec + 7 be (p 
‘Oo 
= 
ss 
ey ee ae 
= 
™ 
= 


( 

( 

( 
Spontaneous (p 

( 

( 
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20h a 7ri eal 


Spontaneous (p 
( 


29a 


29 an ep 


in water 


29b (p 
++ 


29b + Zn (pH 7. 


nd 


Hae. 
ial fhe 
Hee 


H 
H 


pH 7.50) 
~50) 


50) 
00) 
00) 


.50) 


.50) 
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TABLE XI 


=) eiwe isp 
K obs (SC ) Kat (M SEC) 2) 
SN ETE ELIE TEL LD ETON ELE TEL DLE LE LEE OODLE LE LLELE LE IEEE OTE ILI E LILIA LLNS POOLE DYLAN AEE LE DEDEDE LLL OEL LDS 
Gels 52 02015 
0.17020. 020 G 
0.206+0.008 312723 
0. 386+0.008 
OF49 120.035." 105443 
1.110£0.050 
1.080£0.049 C 
0.0428+0.0014 
0.0464+0.0004 342 
0.046940.0099 4t2 
0.048040.0020 544 
0.050040. 0020 7+ 


“Kinetics measured in 0.05 M HEPES buffer. Ionic strength 


was kept constant at 0.2 M with NaCl0,. 


pH values are 


those directly read from electrode immersed in solution. 


Due to solubility, reasons. runs*with- 29asand 29D) were 


performed in H0 SO lu) On Stand ethoSemw i thee 9 Cut neyo 


ethanol-water. 
3 


When used, 


the catalysa concentration 


Wasse Osea ahe Zn(C10,)5 was used as source of 7 ae 


by (k 


cat CbSare 


k 


Sspont 


)/{cat] 


“Negligible within experimental error. 
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relatively weak zinc binding ability of the ligand. 
The C0. hydration was truly a catalytic process 

and not simply a reaction of 29c with CO, to form 

the corresponding carbamate because the amount of 

yp liberated was nearly the same as the initial 

[co,], which in turn was held at 5-10 times that of 

catalyst. Thus the catalytically active form was 


turning over®*, 


de CONCLUSION 


te As observed in the carbinols, the presence of 
tso-propyl] groups in the 4 and 5 positions of the imidazole 
inhibits 2:1 (L:M’':L) binding. 

46 Substitution of the carbinol group by phosphorous 
seems to eliminate the dehydration problems present in 
the analogous carbinol ligands. 

ays Gompoundee dices indss Zino fineta fori dentate-isym- 
metrical.way, using its three imidazole rings. 

4. nhiestr awe vorfar29 ceeb ind ing? tbo ezinice 11s) is 1m llare;to 
that of the apoenzyme; but the activation parameters are 
more indicative of a small ligand. 

De Thetmetadmbindangsabadity® ofeesce istnoteas 
good) as).onee woul dh] +kea ad tedton bene perhapse due=topreasons 
explained at the beginning of this chapter. This probably 
leads to complex hydrolysis’ at high pH’s, and the con- 


centration of active catalyst does not seem to increase 
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markedly by increasing the pH. 


Gr The UV-visible spectra of the 29cCo(II) complexes 
have several features in common with Co(II)-carbonic 
anhydrase. 

fe Compound 29c constitutes the first model for 
Une dClive sitemot CAA, which mimics at the same time 
several of the physicochemical properties of the enzyme, 
including some catalytic activity towards CO, hydration 
and bicarbonate dehydration. 

Bie Althougn this catalysis iS encouraging, it is 
modest when compared to that exhibited by the enzyme. It 
is possible that simply creating a good metal-binding 
Gavity 1S9noOt SUT cient to account for full enzymatic 


activity. Kannan et ati! 


Saucet aceite sue SO. important 
to account for the role played by the system zinc-solvent- 
Thr 199 - Glu 106 in enzyme-catalzyed reactions when 
comparing and evaluating model systems for the carbonic 
anhydrases". Maybe the zinc-bound water needs to be 
hydrogen bonded in order to be fully efficient in hydrating 
CO.,. 

9. Ateathis point, 1c cam be Sucges ted "Uthat the 
next step in the construction of a carbonic anhydrase 
model should be the incorporation of some secondary 
hydroxyl group(s) in the tridentate ligand, able to 


form hydrogen bond(s) with the water molecule coordinated 


direct ly tomtieemetd lem dS 1 Te o0. 
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This might lower the pK. of this zinc-bound water, 
giving high concentrations of zinc-bound hydroxide at 
low enough pH's where the zinc ion is still tightly 
bound in the cavity of the ligand. Anotner advantage 
of the OH containing ligands might be their increased 
solubility in aqueous media, being then possible to 
Study them at higher concentrations and as a conse- 


quence with higher accuracy. 


RE BareexPER IMENTAL 
A. SUNTHESES 


Routine IR, Vienmr and exact mass spectra were 
recorded on a 7199 Nicolet FT IR spectrophotometer 
(CHC1, cast film), a Varian HA-100-15 spectrometer with 
Fourier Transform modifications provided by a Digilab 
FTS NMR-3 System, and an AEI MS-50 spectrometer, res 


pectively. 
4(5)-Vinylimidazole 


It was prepared by the procedure of Overberger and 


49 


Vorchheimer’”, fpeci-3s° (tit. inp Go. 2a80. 52). 


Copoly[N-vinylpyrrolidinone-4(5)-vinylimidazole] 


The copolymer of N-vinylpyrrolidinone and 4(5)- 
vinylimidazole was prepared according to Kopple's pro- 
cedure’. Polymer units with molecular weight > 100000 
were obtained by filtering a water solution of the crude 
polymer mixture through a XM 100 ptarto ® membrane in 
IP USSU neeta Nihal Onecelt.. The SOlMUcTOnecOnta ln ung 
the desired size polymer was then lyophilized. 

Anal <-tfhownides (27 62+ Sembee. OS eeNe Gite OR ri i mg 4 09 


corresponding to (equation 14) 0.21 moles of imidazole 


per 100 g of polymer. 
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Trrsté-pyridyle)carbinol (9) 


Compound 9 was prepared as described by Wibaut 


50 50 


SS CHP Oe Tifa) alles snead | a BT Gl Naa we Meta he 6s). 


Bis(2-pyridyl)-2-(N-methylimidazolyl)carbinol (10) 


ASSOlUtA ON OTe O;o md (Onl temol of N-methylimidazole> 3 


in 50 mL dry ether under No was cooled to -30° (suspen- 
sion) and treated with 7.5 mL of 1.6 m n-butyllithium in 
hexane, followed by stirring at room temperature for 

30 min. It was then cooled to -40° and a solution of bis- 


30 in 5 mL ether and 5 mL THF was added 


2-pyridyl ketone 
dropwise. After stirring at room temperature overnight 
the mixture was quenched with H50 and the product was 
isolated by chloroform extraction. The combined extracts 
were dried (MgSO,); and stripped of solvent to give a 
paste which was decolorized with charcoal and recrystal- 
lized from Skelly B/benzene to give 1.8 g (61%) of white 
CavciLcnic mmo loos hese oO (Dimi. 1590, 1430, 1360, 


] 


1100 cm =; NMR (D,0) Table VI; mass spectrum m/e 266 


(M*), 249 (M’-OH); Anal. calcd for Cre cgN Ge ieeC iG ca 


Hic, = TA Tea UES eS Mere xty Rech WT ay Saehe Tn abn taneseulin Wher | fli OME 


Bis(2-pyridy1-6d)-2-(N-methylimidazolyl )carbinol 


(d-10) 


IteWas Deepared analogously to 10 bul using b7s- 


she! 


(2-pyridyl-6d)ketone. 


+ 


NMR (D0) Table VI; mass spectrum m/e 268 (M ) 251 


(M*-OH). 
Bis(2-pyridyl-6d)ketone 


A solution of 21 g (0.132 mol) of 2-bromopyridine- 
6d in 300 mL dry ether under No was treated with 90 mL 
of 1.6 M n-butyllithium in hexane at -65°. After two 
cycles of allowing the solution to warm to -45°, vie 
recooling to -65°, 8 mL (0.067 mol) of diethylcarbonate 
was added keeping the temperature at -60°. Stirring 
was continued for 2 h at -65° and then at room tempera- 
ture overnight. Workup consisted of the addition of 8 g 
HS0, in@ ?0eme H50, followed by ether extraction. The 


combined extracts were dried (Na,SO and stripped 


ne 
Of Solvent? to give atdark oil which aftert distillation 
goves a Ver lowe o1l.o DpeiZO-1402 /0115 Torr. OCrystaldazation 
from toluene at -69° afforded 6 g (24%) of off-white 

Crys vallsemmnlmos bo «7H REA GOD, 1S7i5GVN4 305 1320 511 300 


Laka 


cram jee HeNMRE (DCR Seve Ou CHL ddgy ee 72 Wed 2Hemidideoe 8213 


3) 
+ o * 
(2th dd) so masse spectrum m/e 186 (Mi )cu7 oR M SdePyr=C=0). 


2-bromopyridine-6d 
6-bromo-2-lithiopyridine* was quenched at -40° 


“Reference 50 reports the preparation of bis(2-pyridyl)- 
ketone in 10% yield from 2-pyridyl lithium and ethyl 


picolinate. 
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With an excess of methanol-d,, and the mixture after 
workup, afforded 2-bromopyridine-6d, in 82% yield. H 


NMR showed complete absence of the 2-H. 


Tris(2-pyridyl-6d)carbinol (d-9) 


In a procedure analogous to that described by Wibaut 
et al°° for the preparation of 9, 2-lithiopyridine-6d 
and bis(2-pyridyl-6d)ketone were reacted to give 41% of 


50 ] 


G-9eempei2e-129° ett Te: bz7—V2e7°tor 9); 


i} 


H-NMR (D,0) 
Table VI; mass spectrum m/e 266 (M), 249 (M*-OH), 187 


(M*-6d DyY). 


Bis(2-N-methylimidazolyl)-2-pyridyl carbinol (11) 


To a suspension of 0.5 mol of 2-N-methylimidazolyl 
Prcnium tnso00Pmk drywether at 0° «was \added-0.25-mol 
of ethyl picolinate and the mixture was stirred four 
hours. It was then decomposed with 20 mL of 10% H5S0, 
and extracted with chloroform. The combined extracts 
were Hien (MgSO,) and solvent removed to give an oil 
from which unreacted N-methyl imidazole was removed by 
Gistiliation (55°/3°Torr)s “The*res tdue was ’recrystal= 
lized from Skelly#B/benzene to give 6 g (9%) of ll, 


Mpersl-133+3 


2) 


H-NMR (CDC1,) Table VI; mass spectrum m/e 


269 (M*), 191 (M*-pyr); Anal. calcd. for C,,H Neo 20Mc: 


bao sho 
6264520 oe be Ne 26, UC ee rouncimeC.. roewou He som 7 oy 


Ns 26242. 
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Bis(2-pyridy1)-2-(N-ethoxymethyl)imidazoly] 


carbinol (13b) 


To a solution of 0.04 mol of 2-(N-ethoxymethy1)- 
imidazolyl lithium’ in 200 mL THF at -60° was added a 
solution of 7.36 g (0.04 mol) of bis(2-pyridyl)ketone 
in 50 mL THF. After addition the deep blue solution 
was stirred an additional hour at -60° and then over- 
night at room temperature. Quenching with H50, followed 
by several ethyl acetate extractions which were com- 
bined and dried (MgSO,) and then stripped of solvent 
yielding an oily paste which was recrystallized from 
ethersto «qive 4. 5oegq"(S6e) of the product, mp 62=63.5°; 
"H-NMR (CDC1,) 6 0.95 (3H, t), 3.20 (2H, q), 5.20 (2H, 
core eo he( sie ed her 2oeNale im). 672758 (4H tim), 8250 
Fahy ed): 


Bis(2-pyridyl)-2-imidazolyl carbinol (13) 


Deprotection of 13b (see above) was accomplished 


according to published procedure’, and the free base 


Wiberaredehy fasification. tmp: 2252235° (decompege) JH 


NMR (D0) Table VI; IR 3200 (br), 1570, 1430, 744 cm™'; 
mass spectrum m/e 252 (M'), 235 (M*-0H), 185 (M’- 

imidazolyl), 146 (M*-pyr). Ayaletcal Caras, Or C1 gH, > 0N,° 
1/2 H,0: C, 64.4; H, 4.98; N, 21.4. Found: C, 64.70; 
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N-methoxymethyl1-4,5-dimethylimidazole 


This compound was prepared according to published 


procedure? 4 78 


from 4,5-dimethylimidazole Liteetn eyelid. 
bp 68° (0.4 Torr); ]H-NMR (CDCI) jae ce CeO eS. a os oS 
(Sees) pce om ciaees:) et/er to mH. Ss). Mass Spectrum m/e 


140 (M*), 109 (M"-OCH3), 95 (M"-CH,OCH3). 


Trts [2-(N-ethoxymethyl)-4,5-dimethylimidazolyl ]- 


carbinol (14b) 


From 15.4 g (0.091 mol) of 2-(N-ethoxymethyl1-4,5- 
dimethylimidazolyl) lithium reacted with 3.6 g (0.03 
mol) diethyl carbonate in 200 mL THF at -60° was 
isolated 7.5 g crude orange crystals (50%) which were 


recrystallized from hexane/ether to give 14b, mp 114- 


] 


iow eo OSM Z eed oNMR CCUG I 6 0.98 (3H, tt), 2.03 


e 
eon eer oem trees) oe Lo nH sieg)s 5. 13° (2H 47 5), 


Soleil, abr ycemass spectrum m/e 488 (M™) 443 (M*- 


OCH,CH 429 (M"-CH,OCH)CH). The free ligand (14) was 


3) 
liberated analogously to published procedure“ followed 


byevasiticatLon.smp o2/5 9 (darkens ): Tueume (D,0) 


Cie 2 OCS) oe dale Calcd. 10 G ConHa gO Gro aor 
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N-ethoxymethy1-4,5-ditsopropylimidazole 


This compound was prepared according to published 
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44 78 


procedure from 4,5-dizsopropylimidazole in 34% 


] 


Vretrd Mop s5° (0707 Torr);) H-NMR’ (CDCI SOM lon 


3) 
pw eth Ms 8.48 2h, q)5 6e22 C2Hets)y 7240dKIk, 


+ 


s); mass spectrum m/e 210 (M), 155 (M"-OCHSCH 141 


“ie 
(M"-CH,OCH,CH). 


Tris[ 2-(N-ethoxymethyl)-4,5-diztsopropylimidazoly] ]- 
carbinol (15b) 


From 13.5 g (0.064 mol) of 2-lithio-N-ethoxymethyl- 
4,5-ditsopropyl imidazole and 2.40 mL (0.021 mol) of 


diethyl carbonate was isolated 8.5 g (62%) of 15b (recryst. 


] 


from ethyl acetate), mp 121-123°: H-NMR (CDCI éad. 15 


aD 
(45H, Mee 305 saerehewt)s. 5220 (6H,<1s)% 6:75 (LR brie 
i 


mass spectrum m/e 656 (M*), 639 (M*-OH), 597 (M’- 


CH,OCH,CH,). The free base (15) was isolated analogously 
) 6 1.26 (36H, d), 3.01 (6H, 


as aor 14: H-NMR (CDCI 


3 


Dette mennale calcd. +0r CogHagN0: Cero 9 47,0 Hew od oa 


ie Vem O UC meee OF. 30 5 Hato 04s ONS b/s 49 
N-methy1-4,5-dizsopropylimidazole 


Apsucpoensions 01.71 0.9. o6(0.0/22 anol) 0f2e4.5-diceo- 


/ 8-35 00emlel Hh Euwasetueatedee tam | Omen 


propylimidazole 
32..8: mle of. 2.rcuMen-buty lig thin OG bylexane ws candastiyred 

foredS minguntil -almosteal dl soljdsedtssol ved. geihens4.49 
mL of methyl iodide were added. After workup and ether 


extraction an oi] was obtained which was purified by 
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Oust Mulationeco giverc+og°(662)"0T product:* bp 43-45° 
(0.05 Torr); 'H-nmr (CDC13) § 1.37 (12H, dd), 3.0 (2H, 
eo omens rere 25th Ss mass, spectrum m/e sl-66 
(M™), 151 (M™-CH3). 


Trig-2-(N-methyl-4,5-diztsopropylimidazolyl)- 


carbinol (16) 


From 0.058 mol of 2-(N-methy1-4,5-diztsopropyl- 
imidazolyl)lithium and 0.019 mol diethylcarbonate was 
isolated ~50% of an oil containing 16 and its analogous 
ketone. One gram of this mixture was chromatographed 
over silica gel (ethylacetate) to give the desired 16 


as rdti Th) ik: | 


H-NMR (acetone-d¢) Oma bow (LSHy2d) 31832 
GucHiwerd waes sotto a mie cecum O9Huem) +s 6442 GLH, assebr): 
Alva Poecd bad.) To“ Co He ONG 0: Cy RO. S99 = ena osO2s Ne 


honOse = trout 2m Cael abs® HF 10404; Noobo 264. 
N-methoxymethy1!-2,4,5-trimethylimidazole 


A solution of the lithium salt of N-methoxymethyl- 
4,5-dimethylimidazole (0.071 mol) in 250 mL THF was 
treated with 0.071 mol of methyl iodide. After work- 
up and ether extraction a yellow oil was obtained which 
was purified by distillation to give the desired product 


] 


iin, 90% sytelid: # bmiy50253-5 (Cl Ose Toner) ay AH ONMR SS GGDCI 


3) 
Gai? 210s (6 ctl Ce a S eee bee( OH. 6s), 65.08 (2H. 's): 


mass spectrum m/e 154 (M’), 123 (M-OCH3), 109 (M™-CH,OCH3). 
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Bis-2-[N-methyl1-4,5-dizsopropylimidazolyl] ]ketone 


(16b) 


Nedeungeonneatevomdat Ve0°/Ttorr tor 5 min yielded 


OnmOdMeNCHaWadS reCkySiallized from ether, mp 19/-199°: 


TH ewme (EDCIEMesedhesainenyl Gilda <say(Teniha)s 329 


+. 


(Animes e oo | CHa ss) amess Spectrum, m/e 358 (M ), 343 


+ 
(M -CH3); Anat. calca. for C,H3qNQ0: Ce ue OHO Oe 


emo eee Os secre cetH 950s Ny 15.60. 


Bis-2-[N-methyl-4,5-ditsopropylimidazolyl ]-2-[N- 


methoxymethy1-4,5-dimethylimidazolylmethy] ]- 


Cae DabT Ose; me lel: 


To 1.29 g (0.0084 mol) N-methoxymethy1-2,4,5-tri- 


methylimidazole in 180 mL dry THF at -60° was added 1 eq. 


(0.0084 mol) n-BuLi in hexane. To this mixture was 
added 3.09 g (0.0084 mol) of bis-2-[N-methy1-4,5-diztso- 
propylimidazolyl ]ketone in 10 mL THF. After workup, and 


Lea cuca @zoti one arom einer, 227) ,q-\o34) of the product 


] 


was obtained, mp 133-134°. H-NMR (CDCI Sor alimentos 


3) 
Cee, Clb ee Heme eee pedo fo) 5) be 099 N Hoe S jn ed oe CG 


Pe or Geran) Neko 7 AHS) oes See OZHinS:) ena os 
=) 359 (M*-N-methoxy- 


Spectrum, m/e Sic (Mh) 20497 (M*-CH 


3) 
methyl-4,5-dimethylimidazolylmethyl). Anal. calcd. for 


C NiO iG bre Boies Or Bos Nea wiopo 7, viround:  C:, 


agtiaghg¥o: 
Agee ul, Chee yea 


lh ewas obtained by refluxing the 


The free base ({ 


above material sn 002 HG! for two weeks and basification, 
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mp 168-170° (darkens). H-NMR (CDC13) Deals Cacia \ce Os wets) 


J OMMmc eee aml Oise), 65.7. 02H, S)s mass Spectrum, 


m/e 468 (M’), 450 (M"-H,), 359 (M’-4,5-dimethylimidazolyl- 


methyl). 


Tris-2-[4,5-ditsopropylimidazolyl ]methane (20) 


Under nitrogen, 100 mg of the tris-2-[4,5-diztso- 
DuoUMAI dazoly licambinohextCl Salt was édissolved in 
LOsneesN NaOH sand eur mi veathano lheand brought »to vefhux, 
before 100 mg of sodium dithionite dissolved in the 
minimum amount of H,0 Wo S ead.de ds ineone: portion «, Atte r 
ONeaMthuUte . them uxture Was..aGidi fied with, :«conc...HGh, 
and then all volatiles were removed under vacuum. The 
residue was triturated with acetone which was filtered 
anducvaporated. to eattard va yellowish,solid, mp :1,20-180° 
(decomp.), mass spectrum, m/e 466 (M*-xHC1), 45] (M*- 
xHC1-CH3). 

Lhissmaterial sproyvedsto be rrealatively istable .as the 
HeIeSdbbeO UDO N Das | Lucationgun the~Dresence sof .aiLy 
discolored badly due to air oxidation followed by de- 
hvydratron. 

The phosphines 29(a-c) were kindly prepared by 


Dipwek.o..4 BROWN USO so neomesthod described a Neate e/ Ze. 


Tris[2-(N-methylimidazolyl)]Jcarbinol (12) 


This compound was prepared as reported by Tang 


Lian earn 97 6 17-9 oie Gl te te ed 757/562-1179. 052). 
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B. POTENTIOMETRIC TITRATIONS — 


1. pK, DETERMINATIONS 


These were performed in a jacketed cell kept at 
3052 0. bese TAIn Waseexciuded) Trom@thercell by passing a 
gentle stream of nitrogen (purified by passing succes- 
Sively through a solution of Ba(0H). and of water) through 
bpiescel ley eihesphH Was measured’ using af Radiometer’ T1T2 
Eutrator dndsRHAtIae Betitrationemodulesin™ conjunction 
with a Radiometer 6K2402B combined electrode, and re- 
corded as a function of added 0.1000 NaOH (delivered by 
a Radiometer ABU 12 autoburette), on a Radiometer SBR 3 
titrigraph. Standard pH 4 and pH 7 buffers were used to 
check the electrode linearity and standardize the pH 
meter at the beginning of each series of experiments. 
The ionic strength was maintained constant by using a 
medium 0.16 M in KNO.. Data were analyzed by a computer 

on 


version of the Simm's method (APPENDIX I) and reported 


pK,'s are the average of at least three determinations. 


(ee METAL BINDING CONSTANTS 


Stock esotutionsenof Gow ie Nien Zines and even were 


prepared from their reagent grade hydrated nitrate salts 


82 Typically 


and were standardized by EDTA titration 
a three to four-fold excess of ligand over metal was 


titrated as above and the data analyzed (APPENDIX I1) 
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to give metal binding constants which are reported as 


the average of three determinations. 
She COMPLEX TITRATIONS 


AeSOLUTHONECONSTS TING OTVan@equimolar-eamount of 
ligand and metal, and a known amount of strong acid 
was titrated with NaOH, following the same method as 
above. After all the acid added had been titrated, and 
when the consumption of one extra equivalent (based on 
the amount of complex present) was clear, the pK, OF 
the ionizable group was determined graphically as the 
pH at which an extra half equivalent of OH had been con- 
semedy. Typlcatl ye mE of 0. 025° Menigand.,tthe stoichiometric 
amourc OL MeLat aaded Seca. 0.01UMssolutionjys 3)mb of 


Pec) MOKNO andes mE of SO20500M HNO. were mixed in the 


$i 
thermostated titration cell and titrated with 0.1000 M 


NaOH. 


&. NUCLEAR MAGNETIC RESONANCE STUDIES OF Zn** COMPLEXES 


Hypacaltyec-oemg ‘oth gandéwerel dissolved an ca. 
UFGornl oF D.0 and microliter amounts of 0.5 M ZnBr. 
in D0 were added, and spectra recorded after each addi- 
tion. When needed, methanol -dy; acetone-d_ or dimethyl- 


Sul foxide-d¢ were added to solubilize the complex. 
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tions ([Zn ]/[29c] > 15) in 76% ethanol-water. Ina 


typical»experiment, a 3.31 x rete 


and.a 2 x 10meo M 29c solution were mixed in an Aminco- 


M Zn (N03) Solution 


Morrow stopped-flow system, and the binding monitored 

as transmittance change at 290 nm. The data were 
analyzed by an analog comparison technique. The trans- 
mittance-time curves were stored on a Tracor NS-570 
Signal averager and then output to a dual-trace oscil- 
loscope for comparison to a synthetic exponential decay 
curve whose time constant could be changed by changing 
the resistance in the circuit. The temperature was kept 
constant by means of a standard temperature control 
system. The enthalpy (AH") and entropy (ast) of activa- 
tion were obtained by plotting gn(k5/T) VErisiUS? FLT 


Ghig.ml2) eeehccording, to,.equatianc0 ibref.gi79) 


i + 
Seta en AS 
i h exo RT ) exo( R = 


where kK» is the pseudo-first order rate constant, k the 
Bot 2mMa mie GOMsiua ib th. elan.Cki sSe CONS Ga nites andi Rs tanidvel: 
have their usual meanings, the slope of such plot is 


-AHT/R andsthe intercept &£n(k/h), + AST/R. 
Ee. CATAL YOR CaS: hu DEES 
if HYDROLYSIS OF PNPA 


p-Nitrophenyl acetate was prepared as described by 
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Chattaway After two recrystallizations from 


Ske }yebathe productrwasenearly¥colorless, mp 76-78° 


81 
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A stock solution of PNPA (1.00 x 1072 


M) in 98% 
ethanol was kept tightly stoppered and refrigerated. 

The kinetic runs were performed on a Unicam SP1800 re- 
cording spectrophotometer equipped with a Unicam AR25 
linear recorder. The cell compartments were thermo- _ 
Stated at 30 + 0.1°, and hydrolysis experiments were 
Carraed outsusing 1tcm path-lengthgu3%mLacapacity quartz 
EUVELTLES, Vidn@a typicalaruns Sem of -buffer*was”  intro- 
duced to the cuvettes, followed by 1 wl of 10 M ZnCl, 
Sovutltoneande40 ene ofe0r24s Meligandssolution’ + The re- 
sulting concentration of complex was approximately 3 x 


nome 


MBI herredct1onuwassinitiated bycaddingtatsmal | 
oluquot (208i )soneeNPAectockesodutionsto’the cuvette 
and mixing. The reactions were followed by the increase 


in absorbance at 400 nm () of p-nitrophenolate anion) 


ma xX 
foumat teastetinresthalf=lLivess andetheltnfinityi absorbance 
Was taken afecer 7=LOthahf=lives. WeAtithe end’ ofpthearun, 
the pH of the reaction mixture was measured. The read- 
ing generally changed by no more than 0.05 unit during 

the course of a run. The pseudo-Tfirsteorder hydrolysis 


rate constant was calculated by a non-linear least 


* 
Squares program . Control experiments were run simul- 


* 
Ui seo cogremawds «1 nhomrvyeprovided=py Prot. R.E,DveMcClung. 
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taneously in cells containing ligand but no metal, and 


metal but no ligand respectively. 
to HYDRATION OF ACETALDEHYDE 


The first order disappearance of acetaldehyde was 
followed by monitoring the decrease in the carbonyl] 


=] 


absorption at 276 nm (ec 16M omen \s according to the 


method of Prince and Woolley®?, All experiments were 
conducted in the same apparatus as for PNPA hydrolysis 
Pitt wavsOvO0"2e0nZ2 Sethietce /iWmodnting being cooled@by a 
water-ethyleneglycol mixture from a thermostated bath. 
The absorbance was set to 0.5 units full scale, and the 
chart speed of the recorder to 2-10 sec/cm. With a 

eem *quartz *cel WefrilVedtwithe3s.CemL of thermally equili- 
brated buffer solution containing the catalyst to be 
Studied in the light beam, the pen recorder's adjustable 
scale was set to read 0.0 on the chart. A known volume, 
usually 5 ul, of acetaldehyde was then introduced rapidly 
from a chilled microsyringe; the solution was mixed and 
the chart paper set in motion. Readings could be taken 
from the chart within less than 10 sec of acetaldehyde 


addition. 


a: CO, HYDRATION AND BICARBONATE DEHYDRATION©® 
A solvent consisting of 76% ethanol-water was used 
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andazob:e A CO. stock solution was prepared by bubbling 
the pure gas into the solvent for at least 30 min at 
room temperacuren pe solutitonsaof lower’ concentrations 
Were?’ prepared byedilution ofethe stockitsolution:r «To 
determine the concentration of CO. a Known volume of 
the saturated solution was added to an excess of 
standardized Ba (OH). containing BaCl5. The resulting 
Solution was back-titrated against standardized HCl with 
phenolphthalein as the indicator. Solutions of NaHCO. 
were prepared by carefully weighing the salt and dis- 
solving it in freshly boiled solvent just prior to use. 
TieGmoUrre reused ™WaSwas0.09o MeHEPES Solution containing 
10° M Zn(C10,)y, 1079 M ligand, 107° M p-nitrophenol, 
and enough sodium perchlorate (ca. 0.15 M) to make the 
HOomieastrength equals to Ul2Z M, and the resulting solu- 
tion adjusted to the required pH with concentrated sodium 
nyaroxide. «A stock Zn(C10,), solution (0.0948 M) was 
prepared from solid zinc carbonate and perchloric acid, 
and its zinc content determined by EDTA titration®°. 
Kinetic experiments were performed on an Aminco-Morrow 
stopped-flow spectrophotometer. The C0. solution 
obtained by dilution of the stock solution with solvent 
Goutal moma NaCl0, was placed in one syringe, and 
a solution contatning the conptex.. Indieatorsands Durter 


in the other syringe. The CO. hydration reaction was 


followed at 400 nm (p-nitrophenolate anion). The total 
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change in transmittance did not exceed 5%, and the pH 

of the solution after mixing usually fell to a value 
near to 0.1 pH unit lower than the initial pH. The 
oscilloscope trace readings were used to determine first 


order hydration rate constants ° 


by comparison to a 

synthetic exponential curve, using the same electronic 
set-up as described for the rate of binding of Zn** to 
eo G-meCOUNCYO| experiments an the absence of metal, and 


in the absence of ligand and metal (spontaneous) were 


also performed. 
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APPENDIX I 


pK, DETERMINATION BY POTENTIOMETRIC TITRATION 


Let L be an organic base that can accept three 


protons according to the following equations: 


eee eH (AI.1) 

oh == ie (AI.2) 

Ripe ea | (AI.3) 

H, LH, LHo, and LH, represent H’, LH”, LH, , and LH, 


respectively. Charges are omitted for simplicity. 


Pet ouspdetinewtne o1Sso0ciation constants. 


Sp ae LL CRt/ ERG seer yg Ped 4sy (AI .4) 
es tees Ke = = 10g Ko (AI.5) 
K 3 = [LHoJLHI/LLH,] ; Pea avOg K.3 (AI.6) 


Let us define ny as the average number of hydrogen ions 


bound per molecule of base: 
Ni = (TLH] + 2[LH] + 3[LH,])/(LL] + CLH] + [LH,] + [LH3]) CALea72) 


If the pK.'s are different enough: 
When pH = PKA] 


[L] = [LH] and [LH]. [LH5] << [LH] 
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Then, from AI./7 
nu SPH Voter EEL) s--0% 5 (AI.8) 


When pH = PK.» 


LOH) = [LH, | and) Ly [LH] <ce CH 
Ben. et roman lt as 
Nu = ([LH] + 2(LHoJ)/({LH] + [LH ]) = 1.5 (AI.9) 


When pH = PK.3 


[LH,] 2 [LH] ance. (Hs << [LH,] 
tien) from Al.7 
nu = (2[LH,] + 3[LH3])/((LH,] + [LH ]) aaa Cat BO) 


BGO Oo, Alo ~randenls h0% PK.1> PK 9° and PK.3 will be 
the pH values of the solution when Ny eu oo Abe and 
2.5 respectively. 

It is only needed to express Na OS sdeat UNC ON a.01 
experimentally determinable variables: 

K 
“ EH}y = CHI - LOW Jagged * Tay - pais CN Tea 
i [tay [LI], 
where [H]+ = total concentration of strong acid added at 
the beginning. 


[H] = measured as DH. 


[L]y 
K 


ae dissociation constant of water 1.66 x 10 


total concentration of organic base present. 
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The program “ionisation” computes nu for each addition 


GteNadgH: 


#1 ionisation 


> iz Cc IONISATION CONSTANTS 

> 2 REAL NH 

> 3 1 FORMAT (12) 

> 4 2 FORMAT (2F10.6) 

> 5 5 FORMAT(’ IONISATION CONSTANTS’) 

> rs re FORMAT (/ ‘VOLUME’ 9 4X9 ’FH’ 9 7X» “NH? ) 

> Zz 7 FORMAT (/F 4.47 4XvF 5.29 5XsE1044) 

> 8 9 FORMAT (4F 10.7) 

> 9 13 FORMAT(//’ = CNAQH’ 912X»“CLH’¥13X»’CL’911X» “VOLT 

> 10 14 FORMAT (IF 10.495X9F10.695X9F 10069 5X9F 10.6) 

> ti REAICSy1)M 

> 12 IO 110 T=19M 

> 13 REAI( S19) CNAOHyCLHyCLyVOLI 

> 14. WRITE (695) 

> 15 WRITE C495) 

> 16 READICSs1)N 

> 17 NO 100 J=19N 

> 18 REAI(S»2) VOLUME» FH 

> 19 FF=10%*(-FH) 

> 20 VOL=VOLUMEFVOLI 

> a1 CORRT=1.66E-14/FF 

> 22 CS=CLH-( CNAQHKVOLUME+FFXVOL ) +CORRTXVOL 

> 23 NH=CS/CL 

> 24 100) -WRITE(4¥7) VOLUME» FH» NH 

> 25 WRITE (6713) 

> 26 WRITE (6914) CNAOHs CLHyCLyVOLI 

> 27 STOF 

> 28 110 CONTINUE 

> 29 END 

#END OF FILE 

DATA: 

M - number of runs 

CNAOH - concentration of sodium hydroxide used in the 
titration (M) 

CLH - mmoles of strong acid added at the beginning 


ee - mmoles of organic base present 
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VOLI = 
N = 
VOLUME - 
PH - 


Example: 


initial volume 
number of pairs (VOLUME, PH) 
volume of NaOH added 


pH of solution after the addition 


Program output for pk. s determination. 


VOL PH eal 
.000 2.40 3.40 
. 100 22460 een Wee 
200 C00 2.06 
oO OU Pte foe Zou 
320 Zeb ala ke 
340 anid 2.49 
360 21283 2.44 
380 2.af and 
. 400 Cae Zoot 
500 see 0 2.06 
.600 SGU 1.76 
620 Sho hs, 1.69 
640 4.09 peda yd 
660 AVS eek. 
680 4235 Linas), 
700 4.50 le33 
800 aii Yalta! 1.00 
900 ts) 60 
920 62.52 oie 
940 6.66 .44 
960 6.78 m8) 
980 6293 “ests: 
1.000 7.08 20 
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Where: 


CNAOH = 0.1000 


ith = 0.1050 
Cr =Por0e 50 
VOI f= 5.200 
Mee Va hleSwOn ol When es = 70.5, 1.5, 


H 
obtained by any interpolation method. 
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APPENDIX II 


STABILITY CONSTANTS OF METAL COMPLEXES AS 
DETERMINED BY POTENTIOMETRIC TITRATION 


Let L be an organic ligand that can form complexes 


with metal ions according to the following equations: 


Meee ee ——— 


Minis eae MIE 


2 
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M, ML, and ML, represent Me aeni &-and Mis 


2 


UA ley) 
CAlilerz)) 


Charges 


are omitted for simplicity. The stepwise dissociation 


constants can be defined as: 


eee Mi Cet eM eek i= = log Kk, 


fe SIMON Ud Mies Ink, 2-109 K; 


Let n be the average number of base molecules bound 


per metal ion: 
n = ({ML] + 2[ML,])/({M] + [ML] + [ML]) 
bi PK, and pK, are different enough: 


When pL = pK 
[MJ 


[ML] and [ML.] << [ML] 


haew., Prom Aliso 
n = [MU CLM) 45D MEy = 075 
When pL = PK. 


[ML] = [ML] and [M] <<[ML] 
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Then, from AII.5 
n = ({ML] + 2CML5])/((ML] + [ML.]) Seo CAdae st) 


From ALI. 6;’andALI*..7,, PK, and PK are the pL values 
when n is 0.5 and 1.5 respectively. It is needed to 
express n and [L] as functions of experimentally 


determinable variables: 


[LJ, = Beline .? [tl rtonated (Ld sound to metal 


or 

[LJ = [L] + [LH] + [LH, ] + [LH] + n[M] > (AIT.8) 
then 

Ck]; - (fb) + (LH) + [LHL] + (LHI) 

1=-_---:-:-:-:,_er_rax—Xx—r (AII.9) 

[mM], 
SUpsemcuctIng AL Livin nid 9 
C 
nh = Hu (AII.10) 
[mM], 


[LI and [M], are known, Co can be obtained from experi- 


mental data (AI.11), and n,, can be expressed as a function 


H 
OfepH and the @cad@drssociation constants of the organic 


base: 
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EE 


[L] + (LH] + [LH,] + [LH] — 


Kim Kok 
an ada 3 - : (AII.13) 
Kapka2ka3 , K2ka3 lh] v K,3LH] + CHI 
PeQmen i, sands ietlieesiostituLed ino All. 12 

Cs 

a({L] + [LH] + [LH] + [LH ]) =ac— CA sl 143) 
n 
H 


The program "stability" computes Cos Nis Opel loan, cand 


pL for each addition of NaOH. 


#1 stability 


OONGOUS Whe 


47 
END OF FILE 


eVVV VV VV VV VV VY VV VY VV VV YO VV VV VV VV VV VY VV VV VV VV VV VV 
re 
> 


Cc 
c 


N Aahr 


13 


14 


100 


110 


STABILITY CONSTANT 


IMPLICIT REALXS (A-H,0-Z) 

REALKS NL»NLL 

FORMAT(I2) 

FORMAT (FS.49F 4.2) 

FORMAT(’ STABILITY CONSTANT’) 

FORMAT(/’ VOLUME’ 9 4X» ’PH% 47X29 CS’ 9X» NLL’ 9 BXe ALFA’ 911X9/RB’» 
K12X» NL“ 91 0X9 PB!) 

FORMAT (/F6.494X9F S020 5X0 F 6047 4X 0 Fb 057 4X2 E106 47 4X2 E10+ 47 4X rE1064s 
K4X9F7.4) 

FORMAT (F10.49F10.79F10-79F10.79F 10.4) 

FORMAT (F10.49F10.49F10.4) 

FORMAT(//*% — CNAGH’ 9 1 2X9 °CM’ 9 12X1/CLH 2 13Xe “CL’ 9 11Xe “VOLI’ ¥11X 
K/PK1/912X2FK2/ rp 12Xe PKS?) 
FORMAT (1F10.67SX9F10.595X2F10.695X0F 10652 5XnF 106 695X0F 10.5 95X4 
*F10.675X9F10.6) 

REAUCS +1) 

T'i0 i410 I=19M 

REAL(S+9) CNAOH+CMrCLHeCL VOLT 

READ(S210) PRLePK29PK3 

AN1=10.**(-PR1) 

AK2=10.4x(-FK2) 

AKS=10. «kK (-FK3) 

WRITE( 495) 

WRITE (5+6) 

READ(S+1) N 

TO 100 J=1yN 

READ(S»2) VOLUME +s PH 

FF=10kk(-FH) 

VOL=VOLUMETVOLI 

CORRT=1.645E-14/FF 

CS=CLH-( CNAOHAVOLUME4 FFXVOL ) +CORRTXVOL 
TT=AN3SKAK2KFF + 2K ARSKF FRKQE SKF RAS 
SB=ANLKAKQHAKS FAKQKAN SKF FE FANSKE F RKQtFE KES 
NLL=TT/SR 

NL=(CL-CS/NLL)/CM 

ALFA=AK1KAK2KAKS/SE 

TANG=CS/VOL 

RE=ALFAKTANG/NLL 

PR=-DLOG10(RRE) 

WRITE (S27) VOLUMErFHeCSyNLL+ALFArRBrNL+PB 
WRITE (Sr13) 

WRITE(5714) CNAOH+CM+CLHeCL ey VOLI PKI oPR22PKS 
stor 

CONTINUE 

END 
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M - number of runs 

CNAOH - concentration of NaOH used in the titration (M) 
CM - mmoles of metal ion added at the beginning 

CLH - mmoles of strong acid added at the beginning 

ae - mmoles of organic base present 

VOLI - initial volume 

PK] - pK. as defined in AI.4 

PK2 - PK. B Sant CFIC. igel Qeatilerdd 

PK3 ~ pK.3 as defined in AI.6 

N - number of pairs (VOLUME, PH) 


VOLUME - volume of NaOH added 


PH - pH of the solution after the addition 


If the organic ligand has only one pK. because it can 


only protonate once, equations AII.11 and AII.12 turn 


into: 
iy be ee (AII.15) 
K., 7 [H] 
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al 
SDI Sat BES, ames, Wan 
Se 


By making PK. = PK. = 0 equations AII.11 and AII.12 
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K K 
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and the same program can still be used. If the organic 


ligand has two pK,'s, the expressions for ny and a are: 


K,o(H] + 2CH]° 


Uy SS Serko ee (AII. 


2 
Koka + K,olH] cee Raid 


ent 
Co Goat taal et ad dl (AII 


2 
K livodeee azure. LH 


Substituting pK SeOeneAll oi) ard AII.12 one gets: 


a3 


Ko LH] + 2[H]* + 3CH73 


fy 2 ee Cane 
yee 2 (Ca ae eee hs 
ale-aZ a2 

eae Kaykae ; (All. 
KayKa2 * KapCH] + CHI° + [H]° 


For some values of Kio and [H], the term [H]° might not 
béeaneqgiigible aneAl 219 and All 320° ee Lor thas sreason 


a new program "stability 2" is used to compute the right 


expressions AII.17 and AII.18. 
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#END OF FILE 


STABILITY CONSTANT 


IMPLICIT REALK8 (A-H»0-Z) 

REAL*S8 NL» NLL 

FORMAT(I2) 

FORMAT(FS.49F 4.2 

FORMATC’ STABILITY CONSTANT?” ) 

FORMAT (/% VOLUME’ 9 4X9“FPH’% »7X*e’CS’ + 9Xy“NLL’ yBXe “ALFA’ 2 11X%9“RB’ 9 
K12Xy‘NL‘210X»’PR’ ) 
FORNATC/F6.494XeF 5. 275K 9 F647 4X2F 6.39 4XVE10.424X0L10,474Xr2E10.4» 
*4X9F7.4) 

FORMAT(F10.4rF10.79F10.7%F10.79F10.4) 

FORHAT(2F10.4) 

FORMAT (//7% CNAOQH’ 9 12X9’°CM’ 91 2Xe“CLH’% pL 3SXe CL“ 11Xs“VOLI’ ¥11X 
KOR l2kr ERS op lex: “PNS” >) 
FORMATCL1F10.469SX9F10.4695XrFl10eGrSXeFl1OebsSXrF1O0.brSXeF10.695Xr 
XF10.6) ; . 
REAUCSs+1)M 

DO 110 I=1M 

READ(CS»?) CNAOH,sCMrCLHeCLyVOLI 

READCS 210) PR1isFK2 

AK1L=10.*k(-PRK1) 

AK2=10,*xX(-FR2) 

WRITEC S695) 

WRITE 696) 

READ(S+1) N 

DO 100 J=19N 

READ(S»2) VOLUMEsPH 

FF=10**(-PH) 

VOL=VOLUMEFVOLT 

CORRT=1.466E-14/FF 

CS=CLH-( CNAOHXVOLUME+FFXVOL )+CORRTXVOL 

TT=AK2KFF+2KFFXK2 

SB=AKLI¥AK2Z4AK2KFFtFF X42 

NLL=TT/SR 

NL=(CL-CS/NLL)/CM 

ALFA=AK1xXAK2/SB 

TANG=CS/VOL 

RBE=ALFAXTANG/NLL 

FE=-DLOGIOCRE) 

WRITE(S97) VOLUMEsFHsCSrsNLL»vALFArRByNLo PB 

WRITE(6913) 

WRITE(4214) CNAOH*sCMyCLHyCLsVOLIyPK1isPK2 

STOP 

CONTINUE 

END 
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Example: Partial program output for binding constants 


determination between 11 and Come 


VOL PH NL (A) PB(pL) 
.600 ASA 0.1560 aod sy eets: 
800 Ba8U.0 0.4030 eral Hoy 
840 Shai ie 0.4666 5.2399 
. 880 3.06 0.5476 Bee Se 
-920 cee! 0.5999 he (DSHS 
.960 oye! 0.6696 5.0821 
1.000 Sace O77395 5.0272 
1.2200 Show 1.095 4.7635 
1.280 spa 172468 426563 
1.360 Shaders 1.099 4.5405 
00 ta a | 1.468 4.4713 
1.440 368 oe Be SULT 
LL tat Seater: 126059 4.216/ 
1.600 4.08 3/38 3.9436 


pK, and PK, were obtained by graphic interpolation in a 


DOLE Trev Sees Diss 


pk, = 4.44 pKa = 15.22 
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APPENDIX III 
X-RAY STRUCTURE OF l6b:ZnBr. 
(Reproduced from ref. 68 with permission) 


The complex 16b:ZnBr, was obtained by controlled 
evaporation of equimolar amounts of 16b and ZnBro dis- 
solved in DMF, and its structure determined by an X-Ray 


diffraction meohods a 


PigseAlilel. PLUTO (Motherwell) drawing of the title 
compound. Atoms are represented by spheres 
of arbitrary radius and coordination bonds 


are represented by single lines. 
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Bond lengths (A) and angles (°) 


TABLE ADIT ST. 


(e.s.d.'s in parentheses). 
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APPENDIX IV 


A Put me oat CHU Pan) ig 29c:inCl, 


(Reproduced from Ref. 76 with pemission) 


The complex 29c:ZnCl, was obtained by controlled 
evaporationmot Cquimolar jamoumbismof 29c and ZnCl, dis- 
Soived in EtOH: DMF Seanad its istructuresdetermined by 
X-Ray diffraction method. 

bide niv. MeshoOws the strteture of the complex. The 
Zinc 10n iS coordinated equivalently to the three imida- 
zoles as predicted from nmr experiments. The fourth 
iicGapdsis aechloride “wore An “imterestings\observatvion 
is the way the isopropyl groups in the 4-imidazole posi- 
tions are oriented, allowing only one ligand to enter 
tne cayinuy and bind the zinc ign. Another interesting 
feature of the complex is the hydrogen bonding between 
to imidazole N-H and the carbonyl of two DMF molecules 
which crystallized with the complex. The X-ray structure 
of the enzyme suggests that two ligand histidine N-H 
groups are hydrogen bonded to carbonyl groups??: His 294 
Pomuidieoc edna Hrse9o TO the peplide cCarponyvie of Asn 
NRA) Caen) os 

Some bond lengths and angles are listed in TABLE 
AIV.1. The P-C bond lengths and the N-Zn distances agree 
with the ones predicted in page 76. The bond angles 


around thes phosphorus: are simght hy smalber than predicted. 


Pig. AlV.1. ORTEP drawing of the complex showing two 


molecules of DMF which crystallized with it. Atoms are 
represented by 35% probability thermal ellipsoids. 


Hydrogens are drawn aS, Spheres of arbitrary radium 0. ! 
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Bond lengths (A) and angles (°) 
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